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BAGH-CURRENT BLFTATRON ARD STE[iEOflETATRON.

A. A. Vorobyev, V. A. Moskalev.
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Pag. 2e A. A. Vorobyev, V. A. Mcskalev.

d gh-currpnt betatron and ster.cbetatron. M., Atomizdat, 1969.

Trie book contains the original material, dedicated to the

aewvopments of new induction accel.rators - high-current bstatror.s

ard st.reebetatrons. Are examined the fundamental questions, which

appear during the planning, installation and the operation of the

nigh-currsnt betatrons: calculaticn and obtaining of the r-quirc.d

magnatIc field of accelerators, high-voltage system of the .njscticn

of zl::trors in the acceleraticn, system of the beam displacem-nt of

tL accelerated electrons from the equilibrium orbit to the targe_-,

-to.

At thP end of the bock are given the materials on the corrzc&icrr

af magnetic field in the twc-chamber stereobetatrons, developed in

Tcmsk Pclytechnic InstitutG, and also some original methods cf

obtaining the uniform in the azimuth controlling magnetic field,

hicb does not require the subsequent correction.

The book is intended for scientific workers, graduate students

and 'nginers, who are interested in an increase in tho effectivencss

in the work of the induction electrcn accelerators.

ta tae bcok 21 figures, 4 tables. At the end is -jiven the

bioi.cj-aphy cf 15 designaticns.
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PREFACE.

Thc prcblem of an increase in the accelerated current and

intensity of the radiation/emissicn of charged particle acceleratcrs

is at present most urgent/actual and interests any developer of

accalcrator facilities.

In Tomsk polytechnic institute during the latter/last seve.ral

years were carried out the scientific investigations and the

tcchn-.cal--nginsering developments, directed toward a sharp increase

in the current of the electrons, accelerated in the induction

accelerators - betatrons. The result of these developments was th1

creation of the original electron accelerators of the high-current

betatrons in which circulating in orbit elpctronic current reaches

hundreds of amperes, and a number cf accelerated in the cycle

electrons is approximately 3.1012.

This bcok is dedicated to some questions of theory and practice

of tae croation of high-current batatrons and two-chamber

st3recbotatrons, operated at present in some scientific institutions

and in :he enterprises cf the ccuntry. During the writing of the book
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in ess.nc- thara is used the criginal material, obtained by the

authors during the calculaticn, planning and the installation of thti

operating high-current tetatrous and stgreobetatrons.

Due to the limited size of the book there is not given the

descripticn of other types of the high-current accelerators the

-nform3tion about which appeared recently in thq literature.
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Page 4.

INTPODUCTION.

At present acceleratcrs are extensively used not only in thr

scitrtific investigations in nuclear physics, but also in the

medicine - for the treatment cf malignant swellings, in biology - for

zhet study of the effect of radiation/emission on the vegetable and

arimal organisms, including man, in the industrial flaw detection -

:oz nondestructive inspecticn of large-size and thick-walled articles

ind materials, in machins building - for the high-speed/high-velocity

?hctcgraph cf the fast-moving machine parts and mechanisms, in

physics and chemistry - for the high-speed/high-velocity phctcgrapn

of tae rapidly elapsing physical and chemical processes, and in many

other regions.

Because of simplicity of ccnstruction/design and

maintenance/servicing widest acceptance obtained the induction

alactron accelerator - betatrcn. At present in different countries of

peace/world wcrk about 200 betatrons, moreover the majority of

betatrons is utilized in industrial flaw detection and clinical

medicine. A smaller numter of betatrons is applied for the scientific

investigations in the regicn of physics, chemistry, etc.
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In proportion to the introduction of accelarators into the

national economy the requirements fcr them are steadily raised. In

this case one of the main requirements,. presented now to all

accelerators without the exception/elimination, including to the

betatrons, consists of an increase in the accelerated current. For

the b-tatron this indicates a sharp increase in the rate ef the dose

of the bremsstrahlung, generated ty acceleratcr.

Page 5.

Th relatively low intensity of the radiation/emission of betatrons

iii,,'ts their field of applicaticn, since for conducting of many

contamporary experimental investigations are required the b.am

currents of accelerators, to cne - three orders exceed the currents,

obtained at present. Therefore almost in all laboratories, which

carry out by the development cf new ones and by the operation of thc

existing accelerators, fccus special attention on possibility

increases in the accelerated current.

An increase in the number of accelerated particles and,

therefore, intensity of the radiation/emission of betatron even two

or three times represents the serious problem, during soluticn of
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which are encountered the definite difficulties of technical

character. The task of an increase in the accelarated current by two

or threo orders is considerably scre complicated. It requires the

preliminary theoretical development of a question and unavoidably

leads to qualitative changes cf entire accelerator as a whole.

An increase of the current of the charged/loaded particles in

the betatron can be achieved/reached by a substantial change in some

basic parameters of accelerator.

1. Increase in regicn of focusing forces of controlling magnetic

:iaid of betatron and respectively practical implementation cf this

magnetic field which would be capably hold down/retain in orbi-

aacsssary alectronic charge to end/lead of cycle of acceleration. An

increase in the region of the fccusing forces leads to the

appropriate increase in the interpcle space of betatron. With the

ccrsiderably larger sizes/dimensicns of the aperture of accelerator

it is n-cessary to apply the nnw principles of the calculaticn of

magnetic field and profile/airfcil of the pole pieces, since the

usual calculation methods prove tc be unsuitable, since some

appr:x.maticns/approaches, for example the straightness of the lin'.s

of force of magnetic field in the gap of betatron, cannot be accept'd

for calculating the high-current betatron. Furthermore, the large

zirculatinq current of electrons creates sufficiently strong proper
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magnetic field, which alsc must be taken into consideration during

calculaticrs of high-current betatron.

2. Considerable increase in quantity of electrons, intrcducei

intc azcalsrative dcughnut for guaranteaing calculated circulatirg

current in orbit of acceleratcr. Here fundamental difficulty consists

of the development of the ellectrcn source, capable of ensuring the

high currents of emission with the minimal sizss of the working

surface of emitter and under the ccndition of high stability and

large service life of source.

Page 6.

3. Ccnsiderable increase in wave energy of electrons, with which

they are introduced in acceleraticn, for guaranteeing most opt mum

zcnoiticns for acceptance in acceleration of necessary number of

electrons. In accordance with tle theory of inductive acceleration

ind the experimental data a maximum number of particles, seized into

th- accaleration, unlimitedly grows/risas with an increase in the

energy of the injection cf electrons. Therefore upper boundary of thz

voltage of injection is determined only by the technical

corsideratiens, connected wita dielectric strength of the structural

elements/cells of injector. Difficulty with the resolution of the

problem of high-voltage injection consists of the development of
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system which would allow ten times to at least increase energy of the

introducticn/input of electrons in the acceleration, accepting with

rpsprct to the attention tha limitedness of space for the

arrang-sment/position of the parts cf injector, which are located

under the high pulse potential. Furthermore, the development stabl

tork:ng pu. e generator of the voltage of the specific form in

±Molituae into hundreds of kilovolts and duration several

microseconds represents a rather serious task.

4. Change of conditions for acceptance of electrons into

icceloration, capable of leading tc increase in seized and finishid

to erd/lead cycle of acceleraticn of number of electrons. This can bq

an improvement in the optic, optics of injector, the use/application

of a different kind of the contractors, which lead to compressicn of

:he instantaneous orbits cf electrcns at the moment of injection, or

thc replacement of the existing oscillatory mechanism of capture new,

oscillation-free. A change in conditions for acceptance is ccnnmec+-'d

with conducting of labcr-ccnsuming and thin experiments with tho

alsctron beam into initial period of the cycle of acceleration wi.th a

simultaneous change in the parameters of iijection and injector. Th:

creation of the new mechanism of capture, for example

oszilliticn-fres, meets with the great difficulties cf theoretical

and, mainly, "xperimental character, oscillation-free capture of

elsctrons, based on the spiral accumulation, is realized and
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convenient upon the internal injection and with the relatively low

vcltags. The us? of this vqchanism upon tha external injecticn and

with the voltage into several hundred kilovolts is virtually

iimpossi ble.

Page 7.

5. Essential shortening cf duration of pulse of radiation when

it is necessary to obtain Faximum pulse current of accelerated

alectrons to target. In the b~tatron with the ample clearancP

shcrtenirg the duration cf emissicn impulse represents serious

techitical task because of the need to displace the large ring currant

of relativistic electrons fcr the fractions/portions of micrcsecond

up to the distance of 200-250 mf in the radial direction. For the

solution of this problem is necessary the special inertia-free

(lcw-induction) system, capable of generating the pulse magnetic

f:elds cf short duration in tho interpolar space of tetatron.

b. Increase in current frequency, feeding the accelerator, fo:

oDtaining high average/mean rate cf dose of breasstrahlung of

oetatron. However, an increase in the frequency is accompanied by a

sharp increase cf the lcsses in steel of magnetic circuit and

r64uires gain in weight and dimensicns of installation as a whole.

rhereforein each specific case a question of the selection of the
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operating frequency of the fereding betatron current is solved, on the

oasis;- o the permissible dimensions, weight and installation charge,

or ore hand, and from the raquired radiation dose rate - on the cther

handa.

In NIl [ HI4H - Scientific Sesearch institute] nuclear physics

of T.-mak Dolytcachnic institute were carried out the theoretical

studies, dedicated to the thecry cf capture of electrons in the

acceleration and to obtaining the large circulating current cf

alactrons in the betatron, and also experimental design and physical

angir.eering developments for obtaining the high currents of

part4 cl~s, accelerated in the betatron, and therefore the high rat-s

zt the doses of the bremsetrablung cf inducticn accelerators. Both in

the USSR and abroad these works served as base for the creation of

ths first high-discharge betatrons of industrial designation/purpose:

-ntec rangec f energies 15-25 FeV in which the accelearated current

i.nto hundreds of times exceeds the currents, obtained in the usual

bet atrons.
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Pa e 8.

Chapter 1.

riiEonErICAL FUNDAMENTALS OF OEALNING HIGH CURRENTS IN THE BETATRON.

magnetic field and electrcmaynet.

An increase in the current of the particles, accelerated in the

betatron, is connected, first of all, with an increase in the space

of tre working zone of betatron, i.e., with an increase in space cf

:he V irea of action of the fccusing forces S. With the assigned

magnitude of the focusing forces cf magnetic field the steady-statr

ionsity of clbctrcnic charge Pa is a constant value, and in this cas-

the number of particles which can te held dcwn/retained by the field

of bqtatron, it is proportional to space of the V area of action of

the tocusing forces. For this casq P0' -' = , =const, where C -• v, v2

charge of the accelerated in the tstatron beam; V=2wroS - space of

th. arpa ct action of the focusing forces with a section S region and

a radius of the equilibrium orbit ra.

If charge Q2 = I10fQ, then 9 = _ = 20 for increase of charge Qv, v2

10 times it is necessary, other conditions being equal, so many

times to increase the space of the magnetic field of betatron. An

I
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-rncrsase ir. the volume cf magnetic field of betatron is conrectod

with an increase either in the gecuetric dimensicns of interpolar

spacz. oL radius of equili rium crtit. Both that and cthers lead tc a

ihirp incrrAase of lisnsicus and weight of accelerator and an

incrtasa n the consumed electrical energy. Therefore an increas :n

the intorpolar space of betatroc should be limited by reasonabl*

lisits. A Ipc-ease in the sizws/dimensions of the interpolar space of

,statr3n with the prescrited/assigned electroric charge can te

cotai:nd, increasing the density of charge Po at the moment cf its

ir-rccacticn/input into the zce of action of the focusing fcrces. To

ra4-- with prescribed/assigned C is possible only oy a increas -;n

h'- f zousinq forces of the ccrntrolling magnetic field.

ka~e 9.

jut since the forces, which operate on the beam from the side of

may.et.c fi. ld, are proFcrtior.a to intensity/strength H the fielis,

then for increase in Q should be introduced electrons into the

chanter/camera with large H, :.e., with the lar4er energy of the

in]ectau ilectrons.

Taiing into account this, was acknowledged by advisable incre.as

tLa araa of action of the focusing forces of betatron, i.e., the

"capacity/capacitance" cf the magnetic field ot accelerator
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aproxiiat.ly ten tists (cr scmevhat more), which corresponds to th

Doss -ullity oi the propcrticnal increase of the accelerated current

cf particles in the constant/invariable energy of the injected

particles. An increase of ths accelerated current of particles 10-15

a.c:' tic.is subsequently was o~tained as a r&sult of increasing thi

volt-qa of the injection cf e1 ,ctrcns of up to several hundred

K-1ovc~ts. Theoretical questicna cf obtaining the guiding fieli of

..ii.-cu:rent betatrons w614 developed by B. N. Rodisov and P. A.

. P~ter.tial functicn v, - the fundamental characteristic of thp

zcntLcl.ina magnetic field of tetatron.

The reg2.cn cf the fccusing fcrces of the magnetic field cf

De.atror determines the quantity ct electrons which can be seized

-r.zo t e acceleration under prescri-ed conditions of injection. The

:ocising properties of field are usually rated/estimated by thi valu.)

of tin index of the drop Cf f.eld a at the different points of thb

oc:k-ng gap cf betatron [ 1). However, distr:Loution n dces nct giv

thi aemonstrative picture of the diatribution of the focusing fi.ld

:crces. The most completely fccusing forces and the quality cf ths

;uilr.; field of betatron caaracterizes 1'. - the potential function

:f "..e ftocusinq fcrces cf thi magnetic field ct betatron. Potectial

:unction 1. in a specific marrer Is connected also with value n.
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This conncction/coamunicaticn can be shown as follows.

For the nonrelativistic case tangential component/term cf thF

rate cf *he electron, which moves in the field of betatron, is

expressed in the form

Page 1.

?ccu&4ng force in the dirocticn of Z-axis

e ±- - - V H r , ( 2 )

w h ,? r.c 

H,= c /- v.. (3)

rhe focusing force in directicn r

r e - = - - %AH. (4)
whence

/H aV (5)

wherE AH,=H-H,, - difference Letveen the magnetic intensity at

t.a particular point and the strength cf field, which is necessary

for .h- electron motion along tte circle with radius of r with a

speec if ve. This aifference creates the focusing force in directior

:. H,, is tcund from the relaticnships/ratios
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+H,. 1 H,, V, '6x

x ...L._ _y.v. .(7)

ag 11] Since

H.~ ~ H.+ H,+

r xN

n -. - , (8)
th:rn

H , dr,
2r Vr

2V. + dV
r or

In an tquilibrium orbit r=ro (neq) z=O; -vM =0, thendr

(00n(r)= - r.2 d2 v

From condition dH, =daM it I-s Fcssible to ottain the

Or dx

relationship/ratio

(r) = r.(1a)

Thus, the axamination of tee characteristics of the field of

betatron on base V, considers distribution n.
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Potential function makes it possible to also calculate the

Itnsity of equilibrium team in the bc- ±ron. However, in the case of

accelerating the large rumber of particles during calculations it is

nece3sary to consider the field of equilibrium glectron beam. The

icccunt of the proper fi, d ot beam and the ccaputation of the

lensity of equilibrium team in the betatron it is carried out in work

[2]. R~lativistic functw", V, is examined here in the form cf sum

VP= V' - V", wasre 'p - potential function of the fre. from thp

char t field: Vp"- tb, pctential function of the magnetic field of

beam.

Page 12.

Value V,' is taken with an accuracy to standard deviations from the

quiiDrium radius ro, i.se.,

V+ VOU(no Ca .. +I

+' ,V0 o ..oV , r0, j ] (ll)

whr- V. - vaiue of nonrelat:vistic potential function with r=ro,

z=U; no - value of the ccefficient cf the drop ot magnetic field to

r-- 0 , ar,d V.- - X I - 2OV. Vp" - is written/recorded in the formmodC

of sf riss/rcw with the undetermined coefficients

(K -- ; + K'--) (12)
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Atter the computation of coefficients of K and K' for Vp is obtai. d

expression

v,= v0 {I,c2V- ( - 2n, VON .n. V

2e m, cVo . I ' eV4 \ 2 4

x- + i -n- I-evor + I e V2 4n 4 4

m$Vo. 1 Z22t Vo ro'(13)
2e V02 I r02 (3

rh -, Vp taking into account the proper magnetic field of beam givps

tie fo=using force which is more than force without the proper fiali

I, ar,,i f, once for r- ani z - directions respectively, where

fr =I + ,KeV2 _ _ f + +,'Vo
MW CVo V -fno) Me~ agC2 VON,.,

Lat us rate/estimate the density of the team which can be held

dowr./rotained by the field of betatron.

S: nce

P 4=- -" 2t1 and VP ,

'=he n

P- (14)
4w

Pags 13.
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3ut for 7 we have an equation

V2 ~ i ~ L )1 + & ] + 72- 1i' (5P

In thA csn4*er cf beam ±-=±-=o, therefore 7:-,. wher -yo
dr d: r S

valu: y at point r=ro, z=O. Then the charge density in the center of

the Pquilibrium beam

In - cl [-2--I
PO = 4,e r02

0or

At tns ultrarelativistic rates E>>Eo, then from equation (16) it is

obtair., d

Poa m4 c2  E }
P = 4- 0 , 3 (17)

For nonrelativistic rates E.Eo+E.,=E.+ o then
2

p ,,- .L. IT.S- (18)
2mer 2 ~'2 e'

Let us compars the calculated charge densities taking into account

the proper magnetic field of team with the densities, found without

its account. The charge densities for the last case are calculated

frcm the following fcrmulas, cbtained from the equation of the frsl

from tne charge magnetic field:

(o4 r 2  IE
.,

(19)
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Page 14.

r'cr tha relativistic case

o= - r (20)P'IO --- -- 4e r02 E O 
j

for the nonrelativistic

PO'.o -Ei_ ) -(21
2 ,7cer ' 2 c2

Let us determine differences p and P.' for both cases:

ApoP.= P P. m'k4 pw E~ E .) 1
rupzrp~~o., 4ne r," EOk -O

(22)

APO to P - ."" (23)

From equations (22) and (23) it is evident that in the

relativistic case during the computation of the charge density it is

necessary to consider the proper magnetic field of beam. At the

nonrelativistic rates (when v/c<<1) the difference between POU ani

P' is small, and the use of fcrmulas, which do not consider cha-g.,

is admissible.

Thus, the proper magnetic field of beam plays the significant

role at high velocities cf electrcns. The charge density kiepends on

anergy of tlectrons as E3. This dependence can explain the behavior

of the maximum of the intensity of radiation/emission at the
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lifferent values of energy of injection E,,. For the

ccncrete/specific/actual betatrcn the space, cccupied by beam with

airferent ones E.,,,can be considered constant. Then the intensity is

proportional to Po, if we by Em understand energy of electron during

tre injict.ior,. With low energies of injection the intensity is

pzopcrtional E... with the laLge Cres - E,... Hence

ensurs/sscapes/flows out the need of increasing the voltage cf

injection in betatron, if is required a considerable increase of th-

number of accelerated in the installation particles.

Page 15.

4 2. Equation of the magnetic field of betatron and its

usn/application for calculating the field.

Let us record equation (9) in the form

JI. I dV, 2+ I dVM _

art 27V. Or " r Or
2V, (2V

-(--h n) =0. (24)

During thB kncwn distribution n and prescribed/assigned z acccrdin4

to equition (24) it is pcssible tc find dependence V. on r.

A similar equation can te obtained, also, for dependence V, c.

z with prescribed/assigned r. Differentiating relaticnships/ratios
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(3) and (7) and considering tnat aH,/dr=-aH,/oz, we ootain

, ,, Ir'2 . I a V
82V.n 0(.~ ,2M I8M (25)

6:, 2V,, ( d / - -L "7 Or I O

Storing/adaing up the left siaes of equations (24) and (25), we have

asV I. .. _.a_, + , V.
dr' r 4)r d:2

( a [V- +) ( , -2] V- =- o. (26)2V. o\ r / s " r3

EquatJion (26) is the equation cf the magnetic field of betatron,

which encompasses all fundamental prcperties cf field.

Potential function for tht electrons with any valuet by thq

constant C, characterizatle energy of the electron, which moves in

:he fieli of the action of the focusing forces, is written/recor'id

4n tne form

V • (27)

this eotuaticn can be expressed through potential function V,, for

"zero electrons" (C=O V.,9 0 ( rN Y in the form

V. C (28)

?age 16.

rh-r-fore fcr calculating the field of sufficiant to find the

solution of the equation of field with C=O. Function V,, can be
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exprcss3d through vectcr pctsntial A:

v. 0 =CA,. (29)

substituting in the equation of field value A for Vo, we obtain

equation for A:

. _LA .1 A 'A L O. (30)
M r Or Ox' ri

Equation (30) is solved by separaticu of variables. Assuming/setting

A=U(r)4(z), we obtain twc equations:

d2W(z) = k2 W(z), (31)
dx'

2U(r) ++dU(r) k_ ) U(r)=O. (32)
drs 7r -r +( r2

ond'+dition d4/lz=O with z=O givies

W(z) ch (kz). (33)

Sclutfon of the second equaticr

U(r) =.o [all (kr) +hN, (r) (34)

wher. J, (kr) and N, (kr) - the Bessel function and first-crder

Neumann. The obtained solutions are utilized for calculating the

:i3Id, d4s accept as the bcundary conditions n=no on radius r=ro of

aquiliDrium orbit and A=Ao on this radius. We propose also that Ao is

minimal on this radius. Then

aJ, (kro) + N, (tro) -;
a1,' (Aro) + bN,' (kr0) =0; (35)

k2 20"
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?ags 17.

Lattsr/last expression is obtained from 3quation (10a) t.

FOOTNOrE i. From equation (10a) we have YLV.=2V.E' Replacing Va cn A,

WE oLtain

OEA ftA _k.ia

ENDFOOL NOTE.

AM~ltuds a and b can be 4; termined from the equaticns

a J (I '-o) + bN, (1, ) ; (36)
aJ,' (]/%) + bN,' (J/) = 0.

Plotted function is constructed according to the formula, obtained

fcr V, from relationshi~s/ra-ics 134) and (35):

V.O= #A,' ch'(kz)[aJ,(kr) + bN, (kr)j1. (37)
2mg'

It is considered that A0 for the specific case remains constant,

i.a., actually expressicn for V.o takes the form

*A212mc'

= Ch2 (kz)[aJt (Ar) + bN, (kr)2 . (38)

since the pctsntial function has a minimum in region ro bcth in r-
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and in z-airections, these graphs are frequently called potential

walls. First calculate pits with. z=O, then is constructed secticn

along -he axis z with r=ra. By the essential characteristic of Dit is

the area of its section radial plane, i.e., area, included by

qu-potntial, which passes at the level of the apex/vertex cf th-

oarrier of pit. The secticn of ketatron doughnut must wholly

encompass this area. For the construction of any equipotentials is

taker the fixed value of the potential:

V., = e A12 = B1. (39)
2M&

[age I 3 The corresponding value cf vector potential will be:

A, = m- V.o, -/" , .=A.ch(kz)[a,(kr) 4

+ bN, (kr), (40)

hzen ce.

ch(kz) A, (41)h(z)= Ao {al, (I,.) + MN, (kr)l

Then the eauation of equipotential line

Z A, (42)z--Arch" '•
k A, jai, (kr) + bN A(htr)J

As thr. thaoretical profile of pcle is taken the equipotential,

designed from the formula

sh (kz) ( 4 (kr) . bP4 ( .)3)
sh (k) aj (hr) + bNo(r)
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Line is carried out in such a way that the region of the focusing

fcrcr-s would be completely enccipassed by the interpolar space of

betatron. Fig. 1 depicts cver t e Icng term the potential function

(potential well). The calculated values of this function and the

-hscretical profil3 cf pcl - ar' given in Fig. 2. Fcr ro=23.7 cm and

n=0.5 value of values a, b and k they are equal to with respect

1.513, 0.455 and 0.0298.
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Fi;g. 1.Pctential well cf betatron.
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?a;.-Z

2Dz

I(3)

2.Z Calcula55

characteristics of magnetic tield Cf betatron.

KEY: (1). Profile/airfcil of pole. (2). Potential wells. (3).

Potential functions.

Page ).

Functions were calculated for z=O; 2; 4; 6 and 8 ca. According to

suc:h graphs are constructed equipctential lines, which are
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letermining the boundaries of the region of the focusing forces (or

capture region) and the boundaries of the zone of the maximum

_qilibrium charge of team. The thecretical profile of pole is

aesigned for the poles cf an infinite radius. Therefore in the

Sa~ufacurd poles it is necessary to experimentally determirv tIh

layout of peripheral part for the ccmpensation for the distortions in

the bistributicn of magnetic tield along the radius, caused by

magne.tic leakage fluxes.

3. Calculation of charges and currents of high-current betatron.

Wi:h known the parametprs cf the magnetic field of betatron, in

particular at the known cross-sectional area cf region focusing

forces in interpolar space of accelerator, it is possible tc

calculate the maximum charge of team and the circulating currents of

high-current betatron.

The maximum equilibrium charge of beam is calculated from tho

formula

where S - sectional area of the zcne of equilibrium beam. For SJq,200
i'8

cm 2 Inj U,. =300 1E/E 0 =1.58) charge will compose Q=5.2,10-6 k, which

ccrresponds to a number cf electrons N=Q/e=3.3391O'1. This charge,
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Isd tc thp Pnd/lead of the cycle of acceleration and discarded to thR

.argEt, for example, in 2-10'- s, creates the pulse current, equal to

- _ = 25.8 a.
t

Circulating in orbit current in this case

2xroSep0 V QV 836 a. (45)
2xre 2xro
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Page zl.

ztpsults are obtained takinq into account the proper magnetic field of

oundlE.

4. On th; calculation cf the profile/airfoil of poles with

r (r)=ccr.st [3].

In the majority of the operating betatrons index the drcps of

rieli n attempt to select by corstant within some limits along a

radjius o: polc. In the usual tetatrcn at the low value of the ratia

60/ro of interpolar gap 6o to a radius of the equilibrium orbit ro in

the :alculation is not taken into consideration the curvature of the

lines of force of magnetic field in the working zone of accelerator.

r. the high-current betatrcn ratic 6 0 /ro-1; therefore the curvature

of the rorce line disregarded skould not be. The approximate

zciputation oi the profile/airfcil cf poles taking into account th3

curvature of lines of forcs is Ercduced as follows. we will ccnsii-r

that the index of the drcF of magnetic field does not depend on r and

(.HJ a= 0 (46)
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H,=-nf 9 - (47)

Dut
d, = H, (48)

ircm :alationships/ratios 147) and (48) let us find the .quaticn

ol the li14e of force of the iagretic field

4, FAL=--L-. (49)
dX r

ihnce thP radius of curvature cf the line of force of the magnetic

ir Y
+ nop = ~ 1 ). 0 -- . J, - -

Pa e 22.

For virtually adopted values cf n and with z/r<1 the average/man

radius of curvature of the lire of force

a

nagns ic field in the interpolar space can be expressed as

,(r, 0).. -I* , (51)

,ir. r 0, - maqnetic-potential difference of the poles of

el.ctrcmagnat, a - angular radian measure, reprasented by field lir.

bcunaa-y by polas. Value n is e-xpressed by the formula

a , 4, (52)

from Fquations (51) and (52) it is possible to determine value of 2:
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%t (53)

with rir, 0)=const

(r~i-i(54)

The vF:tical coordinate cf pciz surface can be expressed as follows:

z' (r - a)- .(r. sin " (55)
0(.) 2 (5

w hr -.

2

cxpr~ssion (55) together in (53) is called the equation of the

?rofile/airfoil of poles. kcccrdi.9 to formulas (55) and (53) . it Is

possiole to calculate the Frcfile/airfoil of the poles of

tiqt-currn:t bztatrcn, alsc, :z the case changing from radius r, if

this chang' is sufficiently steady.

Pagc 23.

In this case it is assumed that n virtually dces not depend cn z in

tho wcrkin; zone of acceleratcr. The profile/airfoil of pole for

n .()--const is concave, whereas tcr n, which grows with r, it is

ccrvex. cncave profile/airfol is more convqnient in form, since

into tht jap with such poles is placed well accelerative

chambLF/cacera. With the convex prcfile/airfoil of cavities
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accele ative chamber/camera mcre badly is enterad in the aperture of

Detatron. Both versions of prctile/airfoil prcve to be equivalent

from th point of view of the ;aximum accelerated number of

-lectrons, since the space cf the regicn of the focusing forces with

,.(r)=ccnst virtually remains the same or somewhat greater, as for

case of dn/dr>O.
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gi~ 3. TWO viprsions of the prcfilp/airfoil of the poles cf the

high-curzent betatron: 'a-a radius cf pole; r, - radius of

.. ~u~l~rjrncrb2.t; r - radius cf the fracture of thia profile/airfoil

cff pcln; 6( - yap on a radius.

Page 2L4.

Figq. 3. show two versions cf the profile/airfoil of the poles

whiich we utilized in the high-current betatron on 25 MeV. The upper

prcfile/a..:foil correspcnds increasing on radius n, lover -

.i(r-)=const. The diameter cf central inserts/bushings in the second

case was somewhat increased tor increasing maximum energies cf the

acct-lr:atpd electrons.
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Taus, the aperturp cf high-current betatron and respectively 'x:

crcss s-ction of vacuum chamber they ara obtained

approx~ma:ely/exemplarily by an crder more than in an ordinary

jetatron to the same energy.



DOC = 90171502 PAGE 1
Page 25.

Chaptcr 2.

KiI.ri-VJLTAGE INJECTION CF ELECTBONS INTO A CHAMBER OF A HIGH-CTPRE'NT

bETATRON.

,5. identification of the parameters of the pulse of the voltage of

injection. fcr the high-current ketatron.

maximum equilibrium electrcn charge, held by the magnetic ficld

ot Dctatron, is calculated frcm fcriula (4), from which it follows

that tI." vcltage of injection does not have optimum value for

obtaining the maximum accelerated current. The real finite quantity

of current is determined by limit cn space charge, which has

ccncrets/specific/actual value fcr prescribed/assigned E. With thp

growth of E this limit is crcwded large Q. Therefore the limit of

injection is caused only ty tech, [cal and economic considerations.

In thi majority of the operating betatrons is applied the

propaneated construction/design cf an injector of Kerst's type with

th- voltage of injection cn the crder of 40-50 kV. When selecting of

thz vcItage of injection for the high-current aetatron on 25-30 M.V
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is expedient to raise energy of injection approximately/exemplarily

tan timm.s, i.e., to accept E,,.= 4CC keV. With this voltage the

sizEs/iimensions ot the system cf injection as a whole do not leav-

the reasonable limits and is Ircvidcd necessary dielectric strength

3: dtvices/equipment by usual .lectrical materials. This increase in

the energy of injection givves an increase in the radiation yield more

than by an order, other ccnditicns being equal. For a betatron

opprating or. 15 MnV £. it was respectively selacted equal tc 200

K-aV. An increase in the vcltage cf injection is desirable for

mcr*asing the probability of the shift of operating point frcm th

prescriDed/assigned value (with n=O.6) to the nearest dangerous

resonance.

?agc 26.

Zhange dn in the effective value cf the index of the drop of the

magnetic field, created ty space charge of bundle, is determined by

the relaticnship/ratio

din- Q#-,L (56)

where 0 - charge of the accelerated bundle; a - radius of bundle. E -

znargy of particles in the bundle tv/c. From expression (56) it is

clear that with an increase in the energy of particles upon injection

dn ;s proportionally decreased, therefore, is decreased the shift of
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ths cp- rating point of accelerator from the prescribed/assigned

value.

An increase in the energy cf the injected electrons is

.cccmp aned by an increase in the radiation yield of the betatron as

. result of the reducticn cf thE lcsses ot particles on the atoms of

residual gas, due to the relative decrease of the effect of magnetic

Dumps, etc. Thus, only increase En,, with the constant/invariable to

the point of injection /,,, leac- tc the specific increase in the

ir-crsity cf radiation/emissicn. However, the fundamental effect of

cn incrcasr in the accelerated current with larger E.. is ccnnectid

with the increase of density 0 of the equilibrium charge of bundl

ir thE zone cf the focusing fcrces cf betatron. This means that into

accelerator chamber with large E can be introduced a respectively

larger namber of electrcns with the total charge Q. Consequently,

with an increase in the vcltage of injection it is necessary in the

r-34uired proportion to increase injected into the chamber/camera

electronic current /,. In works (4, 5] it is shown that current

/u.u with increase E.. grcws/rises nonlinearly:

R,

/"(" ';")' I,(57)

wher 0, 7 - relativistic factcrs cf the injected bundle. Re - giver.

-adius of the cross section of region the focusing rcrces; R, -
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:ni.t.al radius cf bundle; r. - radius of equilibrium orbit; 1 -

ccnstant, equal to 179103 to a.

Page 27.

As is evident, the current of injection increases proportionally

(Cr)3. This value can be recorded in the form (V'-I)% whence it

tollows that dependence/.., onE,..his analogous the dependence of tha

-ntensity of radiation/emission on E..., which from the linear

dependence with small ones E,. passes into the cubic with large ones

Such by shape, an optimum increase in the intensity of

radliation/pmissicn by increase E.. is achisved only with the

appropriate increase in the current of injection.

The duration of the interval cf capture cf electrons r3 at

ac-elsration is evaluated differently and as a rule, do not fxceed

0.5 ps, which corresponds to 50-1CC turns of electrons on the orbi..

rhrp Are indications that this interval can correspond in all to

sevzal turrs. with multiturn inj*ctioL, which is ccmmonly usad in

the Lctatrcns, the duraticn ct the Fulse of the volta-e of injaction

I... always considerably mcre than the duration of interval r3 varies

for the different accelerators in the range from 1.5 to 10 ps.
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Th'! duration of injection pulse in the limits from 1.5 tc 3 ps

iT. is possible to consider completely of a sutficient and for the

case multiturn high-voltage irjecticn in the high-current betatrons.

Should ba also examined a question about the pulse

sinchronization of the voltage of injection (relative to the level of

magr.netic field) with the large amplitude of current. The

impulszs/momenta/pulses of negative voltage, supplied to the cathode

of alt-ztron gun, are generated by the special diagram of injection.

Energy of the electrons, intrcduced into accelerator chamber, it is

rFc-LSSIy tc match with a valuc cf magnetic intensity in orbit and

4ts zaaius. The quantitative ccnnecticn/communicaticn between thcs-

values in the nonrelativistic case is determined by the condition of

the injecticn

, ,g ,(58)

whers t., - moment/torque ot injection, calculated cff the

mcment/torque of transiting the magnetic flux through the zero valu:,

0s: U.. - the voltage of injectitn, in; Ho - magnetic intensity in

orbit zf radius r0 , cerst.; C, - angular frequency of the feed of th,i

electromagnet of betatrcn.

Page 23.
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Frow condition (58) it follows that voltage and the moment/tcrlue of

injection must be matched with the design parameter of accelerator

(FO, ro, Q0 ). This agreement is acccmplished/realized by a change ir.

mcieit/torque or voltage of injection. Since for obtaining the.

maxiwum intensity of radiaticn/emission we attempt tc work with thr

largest possible voltage cf injecticn, then the fundamental

zontrolled parameter must be the moment/torque (phase) of injecticn.

The required precision/accuracy of the pulse sinchrcnization of

injection relative to the level cf magnetic field in orbit depends on

the parameters of the magnet ¢f betatron and cn the parameters of the

impulso/momentum/pulse cf injection. The precision/accuracy of

synchronization in the time units can be expressed as follows. Let us

assume that the input time of electrons in ortit of tqtatron is known

and it is equal approximately tc 1 ps. Then with a precise constancy

uf the amplitude of the ceiling voltage and strength of field in

orbit it is possible to allow time scattering of 0.1 pIs (10o/o of

6ntire input time). In actuality the amplitude of ceiling voltage and

the implitude of field in orbit will, as a result of one or the cthir

:easons, test/experience divergences. It is of interest to

rate/estimate the degree of accuracy with which it is necessary to

suppcrt th. constancy of these values.
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The condition of injecticr. (58) can be recorded in the fcrm

U - KH2 ts, (59)

whare K - proportionality factor, which includes constant values r.

arnd Q; U - voltage of injecticn; H, the amplitudA of magnetic

iLtensity at the moment of injecticn t. Differentiation gives

dU = 2KH.2 tdt + 2KH. t2 dH.. (60)

After dividing expression (60) cn (54), we will obtain

dL dt dH,
U t Hu (61)

or, passing to the finite difterences,

A- - 2 a+2 
62)

Padge 29.

raking into account that the aivergences of values can be into both

sides, 3xpression (62) shculd be recorded in the form

AU + 2At _4_H - (63)
U t - H -

4ith tne voltage of injection on the order of 300-400 kV for the

oetatron on 25 IeV (ro=24 cm) the time lag of the moment/torque of

inpmctlon relative tc the moment/tcrque of zero-field (phase of

injzzticn) ccmposes value on thf crder of 100 ps (it is more precise

t.ar b7 ps) . Hence it follows that with AH./H.-O and AU/U=O and th-

dssumption of time scattering of 0.1 ps with the input time, qual to
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1 ps, at/t=:0.1o/o. With tha divergence of all values resultant srroz

must not exceed this value (0. lc/c). Then in the worse case

+ 2 + 2 AF <_ 0,001. (64 1
U HM

Duzirg the use of the modern delay circuit it is possible tc ensure

pzecision/accuracy at/t=0.1c/c. Frcu inequality (64) it is evident

that this precision/accuracy can be observed only with AU/U=O and

I-A.IH.O. 4ith thq high energies in the extreme relativistic case is

correct the gxpression

U = 3OOr,

z:om 'nich analogously it is pcssible to obtain relationship/ratio

(assua'ing that H-HsinwI and i=ccnst)

U+ AH+ A< (65)
U Hf. t

wher- e- low value.

From inequality (65) it tollows that in the relativistic case= of

raquir3ment fcr the precisicn/accuracy the constancies of values

desce-nd. For us greatest interest is of the intermediate velccity

odnd of electrons, in which the amilitude of field and time lag art

cornected with the relaticnshir/ratic

U- V,26 + (3r,)2 sin2 t. 10- - 0,51, (66)

where U - voltage (amplitude) cf injsction, MeV; H, - amplitude of

iagr.Ftic field in orbit, G, r - radius of orbit, cm; ,. - angular



DOC = 80171502 PAGE

frrqucncy, rad/s.

Page 30.

:ne cannection/communicaticn between the errors in this case

gill ta mcre complicatedly; hcwever, for the practical calculations

it is possible to use inequality (64), which gives a somewhat

increased on the precisicn/accuracy result.

in usual betatrons by 15-25 PeV, working at the frequency 50 Hz,

the rcquizrments for the preclsion/accuracy of constancy of values

somewhat descend, but it is insignificant. However, experiment shows

thdt ir. the majority of the cases easily is reached the satisfactory

4ork even at the oscillation/vitration of line voltage within limits

of 2-3o/o. This is explained by the fact that in the betatron can bi

created the conditions for the autcmatic fulfillment

relationships/ratios (63) as a result of throe factors. The

commutating instrument cf the diagram of injection is started usually

oy i-he voltage pulse frcm the peaked-wave device (picker).

The shape of the pulse of the voltage of this sensor with an

increase of the amplitude of alternating current in the field coils

of magnet charges so that the impulse/momentum/pulse becomes

narrower, and its amplitude increases. If we assign the specific
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!%v;-l of functioning, then it i-s possible to obtain the automatic

decrease cf the pulse delay ci the voltage of injection with the

increase of field. To this contributes also a corresponding increase

ir ths amplituda ot the vcltay" of injection with the increase of

"ne voltage, which leads, in turn, to the earlier functioning of the

uir _m of injection with the insufficiently steep wave front of the

igniting impulse/momentun/pulse Cn the grid of the ccmmutating

instrument. However, the role of the second factor is small in

zcmparison witn the first. The nonstabilized tias voltage attempts,

z. tne contrary, to increase delay in the case of the increasq of

line voltage. During the spacitic combination of these three factors

:t manages via the series/rcw of the tests/samples to obtain

automatic mutual compensation and, therefore, the relatively stabl

operation of b-tatron. But even during this selection betatrcn works

.nsufficisntly stably, the insigmificant "drift" of the parameters

causes the fluctuations of the average/mean radiation level in the3

arge zange, which requires the continuous tuning of oetatron in thi

process of work.

Page 31.

4ith tha large amplitude of ctiling voltage the injections cf

reqylirrment for the precisior/accuracy of synchronization are rais (

anu accordingly are raised requirements for the electronic
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synchronizing units. The insufficiently gool pracisior./accuracy of

synchronizaticn can lead tc the high expenditures of time during the

adjustment of accelerator for cFtimum radiation/emission, esplciilly

with tn, worK of betatron in the mode/conditicns of single

impulies/momenta/pulses. on the asis of the aforesaid, requirement,

they are presented to the high-vcltage multiturn system of injcction

in the high-CUrLent betatron, we can briefly formulate as fellows.

1. Voltage with which electrons are injected i.nto chamter/catra

of accelerator, must be aFprcxiately 400 and 200 kV for 25 and 15

1eV cf betatron respectively.

2. Current of injection must be order 8-15 A in

impulse/momentum/pulse for duraticn of pulse 1.5-3 ps. Takirg intc

account that tha large part of the injected against gun curreat

perishes on the chamber walls ar.d the parts of Injector

device/equipment, the full current for which should br designed the

system of injection, it rust be 40-100 a in the

im pulse/momentum/puls&.

3. To provide possibility Cf shape contrcl of

impulse/momentum/pulse in some limits for investigation or effec of

shape of pulse of voltage of injection on capture of electronrs in

botatron with high energies of intrcduction/irput.
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4. injector device/equirmert rust give electrcn beam w±+h zreall

(order of 1-2") angle of divergence for guaranteeing best ccnditions

fcr acceptance cf electrons in acceleration.

5. Electronic device, which ccntrols moment/torque of cycling

electrode voltage of gun, must [rcvide necessary precision/accuracy

of syn:hronization and ccntinuously variable control of phase of

injection. The satisfacticn of these requirements presents

sufficiently more technical difficulties, connected mainly with the

guarantee of dielectric strength of the secticns of the insulation of

injector device/equipment, the elimination of the electrical

breaxdiwn of air and vacuum gaps/intervals, limitation of the onset

of corona on the high-vcltage current-carrying elements/cells cf

ievica/iquipmgnt, and alsc with the creation of the high-voltagr

rnoarator of tha large Fulse currents whose power reaches spv'-ral ton

megawatts.

Page 32.

is sufficiently difficult alsc the development of the injector, which

makes it possible to obtain electrcnic currents of the largo dr.nsity,

necessary for guaranteeing the required current of injection with th Q
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voltage on the alectrcn gun, that is 200-400 kV.

§6. 3szillator circuit of the high-voltage impulses/mcmcnta/Fulses of

injection.

There are several pcssible versions of the oscillatcr circuit of

the pulses of the voltage cf the injection:

1. Schematic of discharging the forming line, preliminarily

chargcd/loaded from the source cf high voltage to design stress cf

the primary winding of peak tracsfcrmer (30-60 kV in the case of

hiih-curr~nt betatrons) through the commutating el ments/cE l~s of r.'

tye of the controlled discharger/gap with the high stability of thi

functioning, wdich ensures the commutation of current in amlitude

1.5-2 kV with the work in the mode/conditions of single

impuls3s/momenta/pulses and with f=50 Hz or special gas-discha-g:;

lamp (for example, hydrcgen thyratron TGI-2500/35).

2. Diagram, made on modulator tube with full charge of

capacity/capacitance and with partial discharge of

capacity/capacitance. Diagram makes it possible to regulate th, shapn

of the pulse: the duration of fronts, the drop of flat/plane part,

and also its duration.
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3. Diagram of :ransfcrmaticn cf impulses/momenta/pulses with

aid of system of lines with different wave impedance. Possibly also

the usa/application cf cascade transformers or resonator

accalerators, which, hcwever, tco complicates the system of

in jcction.

The schematic diagram of irjection, accepted as the standard for

the high-current betatrons, is given in Fig. 4. Diagram works as

follcws. The capacitors/condensers of the forming line are charged

from the charge transformer thrcugh the valve/gate, charging rnsistor

mAd primary winding of peak transformer during the action of -hz

pocsitive wave of voltage. The discharge of the forming line tc trn-

primary winding of the peak trarsfcrmer through the ccmmutatin,

instrument is done when on the ancde of valve/gate ib the nrgativa

pctential relative to the "earth/grcund". The moment/torque cf

lisctarge is controlled by special synchronizing circuit.

Page 33.

In secondary winding of peak transformer appears the narrow pulse of

high voltage, supplied tc the electrodes of the gun cf betatron. with

the appropri&' - phasing the processes in the charge and dischar4e

circuits proceed at the differect mments of time, and their 1u.ation

is sharply different; therefore processes can be examined s=parat-iy.
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rhe discharge oircuit of diagram consists of the accumulatcr/storage

of energy (capacitor/condenser cr the forming line), peak transformer

and switching device/equipment (electronic, either gas-discharge tube

or diszharger/gap). The procedure cf calculation of the elzments of

th network cf the injection cf betatrons is developed by V. 1. Razin

[6] for the usual betatrons TPI (U... =60 kV) and is applicable rin

assenca for the high-voltage injection in the high-current hbtatrens.

The special feature/peculiarity of the system of injscticn of

nigh-currsnt betatron lies in the fact that the voltage ganerator

must ensure thp stable generaticn cf the very powerful/thick pulses

ot voltage (40 MW in the impulse/mcmentum/pulse for the high-cuzrent

steraobetatrcn cn 25 M2V). This special feature/peculiarity is

reflected in constructive soluticns during the planning and

realization of both separate assemblies and entire generatcr as a

whole.
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8 123r- 2S' 2I

3i .... '-11*-.

Fig. 4. Schematic diagram of in~ection for the high-current

betatrons.

Key: (1). To tha electron gun. (2). kV.

Pago 34.

7. Introduction system of electrons into the chamber/camra cf

high-currant betatron (injectcr-inflector device/equipment).

Kerst's usual injector allcws/assumes the use/application of

voltages of injection nct more than 100 kV. With more high voltages

the use/application of this injector virtually is eliminatca due to

tha insufficiency of dielectric strength of device/qquipmant. In the.

high-current betatrons as the injector are applied several types of

three-31sctrcde electron guns at the voltage from 200 to 400 kV.
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Since the geometric dimersicns cf gun are sufficiently grcat, and the

elements of construction/design ccntain the sufficiently large masses

of metal, injector is arranged/located beyond the limits ct hs

working zone of the interpolar space of betatron. The carrying out of

injector from the working zcne cf accelerator caused use/application

ir all cases of special supplementary input equipment - inflector.

Inflector is fulfilled in the form of cylindrical capacitor/ccnienser

and is intended for wiring and rotation of the injected by gun bundle

tangentially to the instantaneous orbit of electrons at the momwnt of

injction. All developed injectcr devices/equipment consist cf th-

eni-type three-electrode gun, carried out froz the wcking magnrtic

field of betatron and electrostatic inflector, which leads electron

beam into the capture regicn.

The fundamental elements/cells of electron gun and

interelectrode distances prelizirarily can be calculated emplcying

the procedure, used for calculating the guns of pier, utilizina the

known prescribed/assigned parameters: accelerating anode voltage Ua

and beam current 1. The design parameters of gun are determinsd from

the following consideraticas. we will consider that the axially

symmetrical electron beam has a section, approximately eqtial tc th?

emitting surface of cathode S, The distance between the anode and ths

cathcda let us designate d. The ccnnection/communicaticn tatwe- th;

current density J, voltage U, ard distance d takes the form of Known
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"three halves power law":
l12

j = A .(67)

wPra A=-. 0 / -2.33.10-, ; I-el - charge to mass ratio of clectron.

"cnsidering system cathode - anode as the parallel-plate capacitor,

infinitely extended along the axes x and y, we obtain potential

distribution along Z-axis in the fcrm

(: _ )(68)

whc.r& z - distance from the cathode to the point in question; U(z) -

pctential at this point Jcn anode z=d). It differentiated ex~r.sion

(68), let us find electric intersity in tha plane of the arode

4 'L , (69)
a 4

Fir the compensation for the Coulomb qxpansion of bunde,

.mitted by the cathode of finite dimensions, is intrcduced the

focusing electrcde in the form cf ccne with vertex half-anjl.

8 -- 6,750,

by characteristic for all systems of the obeying the law three

second.-The form of the ancde is determined equipotentially clectric

fieli U=U,.virtually the form cf the focusing electrod and arode

can be simplifi.d. In particular, fcr the injector of the betatron,

into which the introducticn/input cf electrons into the

zhamber/caaera is accomplished/realized with the aid of th. inflector

(i.e. the layout of bundle to a considerable degree is dit,.rx"ntnd by
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the parameters of inflectcr, but not by the fcrm of the electrcores of

irjector), it is possible to allow the use/application of thCe

focusing electrode ard ancde in the form of flat/plane diaph:o.gm.

Page 3t).

The important characteristic of electron beam is perveance p,

determined by the relaticn

P- (70)

:r microperveance Pp. determined by equality pmp -0 - 6. Since

current density j=I/S., frc relaticnship/ratic (67) we will cbtain

S2,33.10 --4 0 . (71)

whence

t 2,33 (72)
SI Pp

and

V Pt&

Vaiues U, and I are assigned. Therefore for determining of d it is

necessary to know the area of cathcde S,.. In our injectors cathodes it

was made in the form of spirals frc the activated tungsten wir., a

number of spirals n,. The necessary area of cathode can be tentatively

determined, if is kncwn the required current of injection /. and the
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specific emission of electrons frcm the surface of cathode. ValueS.

is det'irmined from the fcrmula

S. = S,"., =e s./u - - he r, cml. (73)

AT'e

here E - intensity/strength of the accelerating alcctric field in

cathcde, V/cm; I - currert, emitted by cathode; Sc,- emitting area of

one- f n. the spiral cathodes; T - absolute temperature of cathode;

ba A - tabular constants frcm wcrk [7].

For the conclusion/cutput cx electrons from the gun in its anods

is made the opening/aperture. The anodic opening/aperture of jun

op~ratps on the bundle as the strcng diverging lens, as a rtsult cf

the "sagging" of equipotential surfaces of electric field insid, the

opening/aperture. Appearing transverse component ot electric fiell

dcflects electrons rrcm the axis/axle.

Page 37.

For determining thA angle of departure the outer beam elr~ctrcrs

from the anodic opening/aperture ve will use formula for the focal

length of thin electronic lens
4 , (74)

E,r- E t

where El - strength of field tc the left of the plant of lens, and E2
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- tc the right (Z-axis is directed from left to right). Apprcximat .ly

it is possible to consider that Ez=O, and E,=E1. After substituting

expression (69) in (74), we will ottain F=-3d. Minus sign irdicates

th* scattering action of the lens whose focus is arranged/lccatrtd to

the left of the plane of the ancde. Then the angle of departur- of

electrons Y& from the anodic opening/aperture is determined by the

equality
, (75)

t IF - 3 " 'd

where r. - raaius of bundle.

Using expression (75), it is possible to determine a radius of

ourallc r, after output frcm the gun at the prescribed/assign_4

-istance of 1 from the ancdic diaphragm. If the inflector

ievice/equipment is established/installed at a distance 1, then th4

Jistance between thA inflector plates at the input of beam intc thA

inilector (when into the slot cf the inflectcr device/equipment must

eLter entire bundle frcm the gun) it is determined by the value c'

order 2r,.

Tho parameters of the inflectcr device/equipment are drtv-rmined

from the condition for election uction along the circular path in the

electric field of cylindrical capacitor in the presence of th'

perpendicularly superimposed weak magnetic field cf betatron.

Electrons with a mass cf I o and speed v0 , entering into electric
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fieli by intensity/strength E of the cylindrical capacitor, lccatrd

in tie edge/boundary magnetic field of betatrcn by intensity/strergth

H, can move over the circular path of radius rc =a during thr-

sel=rtion of tha corresponding intensities/strength of

electromagnetic fiald. Fxcm the ccndition of equilibrium of fcrces

which operate on the particles in the field of capacitor, we have

SI6V0n
2  

eu, + _" _

S Rs (76)

wherE U... - voltage drop across capacitor plates, and R, and R2 -

radii of curvature cf capacitor plates.

Under the effect only of one of the fields the radius of

curvature for zhe zlectric field is determined by tne expression

, ,

a. - UR (77)

but for the magnetic field

a (78)

From tiaese re!ationshics/ratics it follows
I I II= + (79)

Being given the value of a radius cf particle trajectory in tai- field

of capacitor and taking into account the action of magnetic field H,

it is possible to calculate the necessary potential differ-nce U.,
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between the plates of capacitcr. Concrete/specific/actual value. U. 0

deperds on the distance bEtween the plates of inflector and the angle

0, to which it is necessary to turn the injected bundle for its

introduction/input into the chamber/camera tangentially tc the crbit

of inrpction.

Is obvious, injectcr device/equipment to the voltage 200-400 kV

- not only electron-optical system, but also the high-voltage

devize/3quipment. Therefore during the construction cf injectcr we

were directed for the ccrventicnal high-voltage

constructions/d-signs, taking into account the special requirem'nts,

presented by technical assignmert tc the separate copies cf injectors

(limitedness of overall dimensicnf, the absence of electrical

breakdowns on the vacuum gaps/intervals and on by the surfaces of

dielectric-insulators, the absence cf the corcna of lead wires and

cables, etc.).

Injector is connected up to the accelerative chamber/camera with

the aid of the bellows transiticn/junction. Inflector is hinged

attached to the anode of electrcn gun.

Page 39.

rhe special bellows device/equipment, mounted in the back end/face of
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electron gun, makes it pcssible to change the submersion de~th of

cathcde on the focusing electrode and the distance between the

focusing electrode and the ancde without the deterioration in vacuum

in t-'s chamber/camera. hus, ccastruction/design of injector

devi.-£/gquipmsnt gives the pcssibility to produce the necessary

adjustments of the positicn cf injector and interelectrode

gaps/intervals directly cn the borking betatrcn during the ad:ustment

of installation to the optimum cutfut of brehusstralung emission.

Is analogously designed bigh-vcltage injector on 350-400 kV for

the pulse betatron on 25 MeV. A difference only in the fact that thz

inflector is not connected directly with the anode of gun and the

insulators ot injector have large sizes/dimensions. Usually cathcd-

is manufactured in the fcrm of the tungsten spiral, covared will

oxidiza thorium. For obtaining the necessary current of injecticn

with high voltages of the introduction/input cf electrons weri

established/installed several spirals, connected in parallel. A

4uantity of spirals varied frcm five to twelve. Injector

device/equipment provided obtaining the current of injection into

several amperes (to the cutput from the inflector). Is working

voltage on the inflector 60 kV. Divergence of beam at the outpult from

the inflector does not exceed 2-40.

Tne appearance of the injectcrs of high-current betatrons and
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sterecbetatrons is shcwn in Fig. 5.

Th; impulss/momer.tum/pulse of inflector voltage has flat/plane

apex/vartex, and its duration exceeds the duration of injcction

pulse. Under these conditions the adjustment cf betatron to th-

optimum intensity of zadiation/emission proves to be most sim~lc and

light. Experience of operating high-current betatrons showed that ths

voltaga pulse on the inflector must somewhat advance the voltace

pulse on the injector. In this case is provided stable work cf the

accelerator. In the usual betatrons the voltage of injection

oscillates from 20-30 to 70 kV and up to the moment/torquo cf putting

into operation of thp first high-current bqtatron (in 1960) it do'-S

not rsach 100 kV. Therefore was carried out the experimental chncK of

th dependence of radiation yield cn the voltage of injection [18].

Page 40.

The voltage of injection was measured with the aid of the

low-distortion divider into 5000 chms, which consists of the Nichrome

wire with a diameter of 0.1 mm, packed bifilar in the special

slots/grooves cn the subdivided rod of the fiberglass. with ;ach

change the voltages of injectic irstallation adjusted slightly on

the optimum operating mode by the adjustment of injection, phase ind

amplitliae of voltage on the inflectcr and filament current ct .t?

ca-.hcd% of injector.
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Fi3. 5. The genaral vi~ of injectcrs to 400 (a) and 200 b) K7.

Page 4.1.

T1-9 voltage of injection varied with staps/stages on 20-90 KV' -fzoir 50

tc 250 KV. The measuiremnent of the radiation dcse rate was mad"- v:-r.

the aid of ionization chazter ty the working volumie cf 20 cm' with.
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ths. Plaxiglas wall cf .quilibrium thickness and standard dosimtr of

the type "Cactus". Pig. 6 depicts the dependence of the intensity of

rauiatlon/emission I, in relative unity on the voltage of injoctior.,

constructed acccrding tc formula 144). On the graph by small squares

are clotted/applied the experimetal points, cbtained in worK [9]

with tnf voltage of injection tc 50 kV. Circles designated tha

points, obtained by us on the high-current betatron.
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Fig. 6. Dqpendencp of 1,~ on the vcltage of injection.

KEsY (1). 1e. u n.
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The obtained results indicate that to the voltage of injctior.

in 50 rKV the intensity of radiaticn/einission increases in acccrdanc-

with theory [4i, 5), and with voltage, actually atili4zfd in cur

betatrons, the intensity cf radiation/emission increases wit - rcwt*r,

U..no longer linear, tut to the degree, close to tbo (it is mori

precise, is proportional U,,- ). hus, increase U... tor an inc.---ase in

the intensity of the radiation/~emission of betatron ccmpl,'tly
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justified itself in practice. The tests of the system of injection on

the operating high-current betatrcns showed that developed surgs

genp:ators and injector high-voltage devices/equipment prcvid thn

requir=di parameters of the injected electron team both on the 'nargy

and or the current. Is ccnsidered ty advisable further increase in

the voltage of injection in the betatron up tc 1000 kV and il is

above, where this dependence passes into the cubic. however, by this

method appear the considerable technical difficulties, conn~ct-d with

the guarantee of the necessary electrical streagth of the systm ef

injction and with obtaining of the high currents of injecticn.

It is recssary to ncte also that further increase in thi

voltage of injection in the betatrcn makes sense only durinc the

elimintion of the lateral instability of bundla, which occurs in the

high-current betatron (see Cbapter 4).
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Chapter 3.

Y55TEM OF SHIFT OF ACCELERATED ELECIRONS FROM EQUILIBRIUM OBVIT TO

TARGFT.

In the majority of the operating betatrons the shift of th

accelerated electrons frc. the equilibrium orbit to the target is

acccmFlished/realized by the special electronic circuit, which

cre;atos one or the other 0.ange in the distribution of magnctic

fields in the interpolar space of betatron. This change, which leads

to the disturbance/breakdcwn cf betatron relation 2:1, is usually

achievad by ths generaticn of current pulse in the displacing winding

at the discharge through it cf Ireliminarily charged/loaded capacitor

oank. Bias coil is arranged/iccated in the interpolar space of

accelerator and depending on the method of the shift ot electrons is

fulfilled in the different gecuetric versions. wiidest use rec=iv-vi

those methods of the shifts which Iead to the expansion of

equilibrium orbit and the "discharge/break" of the acceleratei

electrons on external target, arrarged/located on radius r. >r0. T
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discharge/break of electrons to external target prcves to be mcst

desirable for conducting cf practical investigaticns on the hetatron.

rherefore in the high-current betatrons the shift of tho acceleratsd

elfctron beam was produced predcinantly to external target.

Ths expansion of the orbit of the accelerated electrcns can bi

obtained by two methods: by an additional increase of the magnetic

flux in the circle of raaius r, i.e., by an increase in the rate of

growth of the accelerating magnetic field of Letatron, and by

weakening magnetic field in an equilibrium orbit. In the first case

the electrons acquire supplementary energy due to circuital field of

a supplementary increment in the magnetic flux within the ortit and

is begun motion along the develcpatle spiral to r.. where is

arrangad/located target. In the second case the energy of lactrons

remains in effect constant and an increase in the radius of croit it

occurs due to field weakening it eperating region of accelerator.

Page 44.

An increment in magnetic flux A(D. required for an increase, in

the radius of orbit by value Ar-r,+rm. is determined according to the

expression A 2-Hr - I (r (80)

2-n

where H.0 magnetic intensity cn radius r0;. n - index of the irop of
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magnetic field. Or

.0.- := (I - n)- ,
v ho rowhpre 0,r

(O = 27rr,2 14. (81)

Durlng the iccation cf turns it is direct on the central

inserts/bushings for determining the increment in the induction ABO

in orbit at the moment of the shift, required for change ro to value

Ar, it is possible tc use the analogous expression
A__o = A- r

B, ro

if the turns of the displacing winding encompass only the shaped part

of the poles, the necessary charge AHo in the strength of fiell is

determined according tc the expression

iH,,= H,[ -Lo(a )MI (83)
or

H _.. A(84)
He ro

minus sign indicates weakening of the strength of field with an

increase in the radius cf crtit.

In the usual betatrcns the system of shift, calculated from the

given prarequisites/premises, provides the shift of electrons from

the equilibrium orbit and the "discharge/break" of them tc th- target

for time t ,4 (1O--s- 20).10-4 s.

Page 45.
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In hign-current betatrons, the task considaratly beccmes comFli.cate.d

due to the large sizes/dimensicns cf air gap and, therefore, because

it is necassary to obtain the required increment in the magnetic

inter sity in ths large space. Task even more becomes complicated., if

it is necessary to obtain emission impulse by duration T.=j(.I-0-0.2) XI0-6

s, i.a., by an crder is less than T16, , usually provided by the system

of shift, and, on the ccntrary, vher it is necessary to obtain

emission impulse with the duration, which considerably exceeds zc6p*

96. Cbtaining short emission impulse in the higa-current betatron.

Thp high-current betatron, irtended for the

nigh-sDed/high-velccity X-ray exposure of the high-speed proccsses,

must generate emissicn impulse by the duration not mcre thar 0.2.10 - 6

s. To obtain this duration of emission impulse by the usual methods

of shift is impossible.
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Ir-77 PI-I 0 rrM-$ 8r-122

in c~epw pflPG&7e.ius 
20

A j

Fig. 7. Schematic iiagram of shift and discharge/break of the

accelerated electrons tc the target.

Key, (I). ?rcm the diagram of ccntrcl. (2). Extsnsicn

contc Jr/outline.

Page Lfb.

Therefore we proposed the combined method of shift, which

accomplishes/realizes a discharge/break of the accelerated electrons

to the target into two stages. First with the aid of the torcLal

winding, or the winding, arranged/lccated on the central

insert/bushing, is produced the syrmetrical expansion of squilihriim

orbit from ro to certain rl, close to a radius target locaticn r*.
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After this is switched on the second winding of discharge/break,

which generates the sharp azimuthal disturbance of magnetic fieid in

orbit of radius rl, which causes the discharge/break of electro,s tc

tha target during several ten turns of electron beam in oroit.

Th schematic diagram of the preliminary expansion cf crtit i.s

reprEsented in Fig. 7. Preliminary expansion is produced to a radius

r,=32.5 cm, with n=0.9 (it is determined by magnetic measurements).

Initial data for calculating the diagram of high-current betatron 25

IV following:

radius cf the equilitrium crtit ro ... 24 cm

radius of alignment cf taret rm .... 34 cm

gap on a radius 60 ... 21 cm

magnetic intensity at the scuent of expanding the orbit io ...

3815 oerst.

a radius of central inserts./tushings r, ... 13 cm

induction in the center at the moment of expansion B. ... '-4.

G
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the index of drop n in an equilibrium ortit (r=ro) ... 0.5

a radius of pole ,. ... 42 cm

operating cycle impulse circuits T ... 4 s.

For the preliminary expansion it is possible to utiliz: a sector

winding with the scope/ccverage cf azimuthal round angle.

An increment in the magnetic field AH is determined frrc the

formula H - , (85)
[ r: r j

rh- space, in which is created a supplementary increment in +he

field, it is determined approximately from the relationshio/ratic

r,= (r.2 - r,2),. (86)

Page 47.

,uadergy A., reserved in the magnetic field of this space witrn ths

intersity/strength AH, is equal tc
o-s 10-8

, . 8:- 1. - (,H)2dV; 0.-8, (IH)2 V. (87)

The product of the amplitudes of voltage and current in the discharje
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circuit is found from the -xpressicn

I.... U..., = -A. - 2,-f A., (88)

where to - natural vibration frequency in the discharge circuit, it

is salected in limits (5-10) *10 3 of Hz, depending on T.. Being given

amplitude U...c - it is possible to determine I.&Kc ara a number of

turns if the winding cf expansicn C.

The inductance of bias ccil

L=i,26-Io- 4 T"S (89)

whetr S-ar(r.2 -r C2 ) - area of the ring, included by the turns cf

winding.

Zapacity/capacitance in the discharge circuit is found frcm

equation for the energy

CU
2

A.= &K (90)2
whence

_ 2A. (91
C LMakk 91

With known I.,. and C cf contcut,/cutline it is possible to

calculate characteristic impedance ,, = I T-.L the strength of effect..vc.

current / I Tr and energy factcr of contcur/cutline Q=PR.,. and

'P=9_I/S.p- - the resistor/resistance of the wire of the displacing

winding. The results of calculaticn arp given in Table 1.

Page; 48.
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voltage in the contcur/outline is ogual to 5 kV. As the

commutating instrument is selected the igniticn rectifier of the type

1-100/5000. The calculaticn of the systam of tha final collcction of

ei.2ctrons to tha target is produced on the basis of fcllowing ini -ial

data:

initial radius r, ... 32.5 cm

required increase in the radius ar ... 1.5 cm

_ntensity/strength of field H=Hro/r, at tha moment of

iischarge/break in orbit %ith a radius of r 1 =32.5 cm ... 2700 oerst.

the index of the drop of field n in orbit with a radius of

r1 =32.5 cm ... 0.9.

Remaining initial data the same as for calculating the diagram of

preliminary expansion.

The final discharga/break cf electrons is accomplished/realized

by azimuthal disturbance cf field in the working zone by winding w4.th

angle of *,=1200. The asplitude cf the intensity/strength of thn
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field, crqated by the winding of the final discharge/break cf

electrons, must providQ rct oLly an increase in the radius of orbit

tc ru, out also given speed of the motion of orbit, necessary for

obtalrning emission imFulse by the duration not more than 0.ie10O6 s.

Let the intensity/strength AH cf the exciting magnetic finJl

change according to the sinusoidal law:

.%H -%H. sin wt, (92)

where H.H - amplitude value of the strength of the distorting fiel l;

- natural vibration frequency in charging circuit.

with azimuthal disturtance of magnetic field an increase of tne

radius cf c:bit Ar in the site cf installation of target is

determined by the expression

Ar=r 1  AMsinlwt l sk ( ] / 'T - n )- "
r = , H sw 2 (93)H l - A sin (X, IT - -
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Table 1. Calculatad parameters of bias coil.

-500 1,05.10:1 125 1470 6 1108.-10-1' 0, 16 J20,6 10-'

Key : (1). cerst. (2). J. (3). turrs. (4) . H. (5). ohm. (6). f.

Page 49.

After substituting into exFressicn (93) of value r, H, n and €, we

will obtain

Ar = 4,65-10-2- AH. srnt. (94)

ThE speed of th- radial motion cf orbit is determined by thl

derivative of expressicn (94)

d(Ar) . 4,65.10-2 u-IH. cos wt. (95)
dt

mith assined Ar and vp equations 194) and (95) have thr r unkncwiz:

. and t. For the assignment cf the third condition wc utilize

rElationships/ratios (87) and (H8). After assuming that product

I. I' must have tha minimum value (for facilitating ttR selection of

the commutating instrument), we iill obtain

L'* I3  (A1H,) V, (96i

4 era 'i - space, included ny the ,inding of discharge/break. Whcn

Ti=120. V=,,'3 c.40. where V, - full/tctal/complete, space of gap,

moreove.r ,' - 1.05.105 CV3  Ihen

. _ , _, (f.) 2  - .,8. I-1 (A H.)2  (97)

4U 3
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Assuming that at the moment cf approach with the taryget th"

radial size/dimension of electrcn team does not exceed d=0.5 crr, we

determine the speed of the radial displacement of the orbit:
d

where r - duration of the pulse cf measurement (time of the

"incidence/drop" in the bundle on the target)

Lat us introduce the designaticns:

Ar b Vp

4,65.10 4,65.102 (98)

i,8.10
- 4  

-

Page 50.

Thar from relationships/ratios 194), (97) and (98) we obtain:

x sin wt = a;

XM cos Wt 1': (99)

We convert system (99) tc the form:

sin uit - a
x

b
Cos wOt = -

Lw

C

Whence it is easy to obtain biquadratic equation relative tc x:

x4 -  X2 +  0. (100)
b2 h
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The sciution of equaticn (100)

--- + I-
2b2 - 2b2

has real roots under the condition

Wh~nca
c 2ab.

If we make c 2ab,

Dcsitive decision of equaticn (100)
x - AH. C 2ab

-- ~ = a V". (101)

Page 51.

Frcm thq first and second equaticns of system (99) taking into

acccunt (101) we will ottain

sin wt --COS

whence

w~t -- --- a d t= - •

4 4w

Thus, all necessary parameters cf system (99) are determined

uarambi 3UOusly.
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The fundamental design parameters of the diagram of firal

iisc 'rge/break are determined just as for the preliminary expansion

of crbit, (they are given inTatle 2).

The given calculaticn of the diagrams of the expansion cf oroit

and discharge/break of electrons tc the target is approximate, since

it does not consider the leakage fluxes of the windings of the

expansions and discharge/break, which (flows) have vital impcrtance,

aspecially for the high-current betatrons, which possess the larg _

slzcs/aimensicns of working zone. Therefore the final values cf ths

parameters of circuits cf shift and discharge/break cf electrcns arz

corrected and are more *recisely fcrmulated experimentally on the

accelerator in operation.

In the examination cf the process of the discharge/break of

electrons to the target in the high-current betatron should he

ccnsidered emf of the self-inducticn of the accelerated bundli, which

appears during the interruption of the ring current of elzctrcns in

the process of its collision with the target. This emf of

self-induction cn radius r is determined by rate of change in Ih:

intensity/strength cf field 1, caused by the ring current ct th-

bean: 1 -- • (102)
-7 nt 2I
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rabl& 2. Calculated parameters cf the winding of discharge/trcak.

Sp o? C d IMWU a Mm *x rcei

45,5 0,35-10s. 0,.9 40;1 2 4-10-O 0,85 10- 8.103 0,188

K3y: (1) . cerst. (2) . J. (3). turns. (4). H. (5). ohm. (6). f. (7)

V. (8) . Ps.

Paga 52.

Lntinsity/strength H. of the magnetic field of ring current is

determined by the relaticnship/ratic

Hz- 21d (103)
cr

ther. we obtain for

e c C-- 2r 2 c . 2c
(104)

C2  vt

Th e=nargy, acquired hy electrcn fcr one turn, will te

e U.6 - 27rEe - (105)
C2 dt

Speed will be determined by the ratio of the time of beam spill cf

electrons tcp to the time of cne turn tW"

N - "M(106)

Then a full/tctal/complete increase in energy of one electrcn for the

time or the discharge/break

2 .-re !7A (C e oN e2 . . . . . 107
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For the specitic case let us accept following data: the time of

disckarge/break t,6p =2.10-7. s (kecause of the short time of

discharge/break the presence cf ircr, which is found within the

circular electron beam, it is pcssible not to take into

conside3raticn). Ring current I let us accept equal tc 50 A. Sadius of

target location r" =34 cm. Then fxcs formula (107) we obtain

A CS _ 2-3.14'34.4,8.10 - 10 2.10 - 1 50
9.1to* 4,9.1i0-9 2. 10-7 3 19

--3,5"0- erg,

wherr to6=4.9.0-9 s, or

= 3,5 .10' .6,25-I (=219 keY.

Page. 53.

This supplementary energy acquire latter/last beam electrons dun- to

emf :f self-induction, which apfears upon the decompcsition cf ring

current 1=50 and for the time 0.2eI0 - 6 s.

Consequently, emf of self-induction, causing the supplemnpntary

acreleration of the circulating electrons in the process of their

discharge/break to the target, leads to an additional increase in the

radius of orbit and thereby it contributes to an increase -,n ths
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speed of the shift of electrons by the target, i.e., to short; ninq

thaj duration of smissicn impulse. The effect of emf of the

s~if-inducticn of beam is greater, the greater the acceleratel rin:;

current I and the less the time cf discharge/break tc.

9. operating diagrams of the shift of high-current betatrons.

T he scheriatic dial-rari of the di.splacemnent of a heavy-currert
tetatroDn of 25 'Ie7' ihich, ensures obtair.nng a radiation nulse with a
durat'on lesf. tIan 210' s s show-n in Vp.7.

The pr'erirnfary expansion cf orbit is'accomplished/realized by

winding OCX (it encompasses the shaped part of the poles), through

which is discharged preliminarily charged/loaded capacitor CI.

Zharginc; C, to U= 5 kv is produced by rectifier on the tube VG-163.

As ttt- commutating instrument is used the ignition rectifier n± the

t vLe 1-100/5000. The igriting imulse/momentux/pulse is gen'.rat-d by

the capacitor discharge C, of that charged from the rectifier or. thcz

gas-fille9d tube rectifier VG-129. As the commutating instruwert in

the circuit of the ignition of ignition rectifier serves thyratrcn

TO G1-5/3.

The final discharge/break cf elect:ons to the target is_ Froducsed

with tne aid of th-3 sectcr windirg CC2 with azimuthal angle of 1200.

Capacitor C2 is charged from the rectifier on the tube VI-0.1/30. As

tha ccmmutating instrument is used the controlled three-electrode)

the iischarger/gap, which possesses the vpry small inductance (thz

hundredths of microhenry) . The electrodes ot discharger/gap arR
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prcparsd from the tungsten. The cathode of discharger/gap is

assembled from the tungsten rcds with a diameter of O.b mm in the

form of cylinder with the qeneratrix of h=12 mm. Control electrode is

placed within the cathcde and is isolated/insulated from ±t ty

porcelain tube. The ancde is pripared from the continuous tungstnr

molding/bar of rectangular crcss section and has sizes/dimensionrs

5x5x10 of mm. The construction/design of fastening the ancde and

control electrode allows/assumes recessary gap adjustment of

discharger/gap. Electrodes are fastened/strengthened in the brass

mountings/cases and are encased frcm the organic glass, which uses

for the electrical insulation cf electrodes. The operational

stability of discharger/gap is 0.1e10- 6 s, which completely satisfies

the requirements, presented to the jettison system of electrcr.s for

the target.

The schematic of the triggering of discharger/gap is analogous

to the diagram, used in the circuit cf the triggering of the ignition

rectifier of the system of preliminary expansion.

For reducing to the minimum of the inductance of the di-chargg

circuit of the winding of discharge/break in it must be a minimum

number of tu.ns - two; they are made from aluminum twig and ars

placed within vacuum chamber above and under median plane of

betatron. The parts of discharge circuit are mounted in the form of
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the separate block, adjusted in immediate proximity cf the

accelerator. Storage capacity/capacitance is comprised their tnres

parallel-connected non-inductive capacitors of the type IMI00-0.1

with the total capacitance of 0.3 pF.

Because of the enumerated measures the inductance of thr

discharge circuit of the diagrat of final discharge/break is Fntire

5910-6 H. The diagram cf preliminary expansion and the charge part cf

the diagram of final discharge/treak are mounted in the separat-

cabiret, both parts of the system of shift, shown in Fig. 7, have two

parallal channels, since Fulse betatron was made in the form cf the

two-chamber construction/design, which has twc independently working

accelerative systems.

As a result of understable wcrk of ignition rectifiers

1-100/1000 in the mode/ccnditicns cf narrow pulses the igniticn

rectifiers are replaced ty thyratrcns of the type TR-65/15. Thq

measurements of the distribution cf the magnetic field of thp

windings of discharge/trEak showed that the maximum ct the strngth

of field falls to the region cf the equilibrium radius r., if win iirg

enccmpisses radial size/dimensicn r.-r Therefore in the fin-il

version an inside radius of the winding of discharge/break rw is Mor.

than radius ra.
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Tne made system of the shift of the orbit of electrons ensured

obtaining the amplitude cf current to 2000 A with the duraticr of 350

ps witn the voltage cf 5000 V ic the diagram preliminary expansions

of orbit and current pulse in amplitude to 1400 A, with duration of

8.10- 6 s with the voltage of 8000 V in the reset circuit cf rllctrons

on tnh target.

With the aid of this system is obtained the

impulse/momentum/pulse cf breusstrahlung with the maximum energy 25

IeV for the duration less 0.2-IsC ° s. The oscillogram of emission

impulsa, taken with the aid of the photomultiFlie: with the diagram

on the cathode follower, is represented in Fig. 8. During the upper

scanning/sweep of oscillcgram is fixed the reference pulse by

duration 0.2@10-6 s, during the lower scanning/sweep - emissicn

impulse.

The schematic diagram of the shift of electrons from the

equilibrium orbit in the high-current betatrons, which work at the

frequency of 50 Hz, is analogous described abcve. Differencq lies in

the fact that for decroasing the pcwer of rectifying device/squipment

in the discharge circuit cf the diagram of expansion is

astablished/installed one additional recharging valve/gate, ard in

the raset circuit instead of the discharger/gap are applied hydrogn

thyratron of the type TGI. The replacement of discharqers/gaps by
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thyratrons is caused by the limited service life of the

dischargers/gaps, which maintaim/withstand abcut 100000 imp, which

with the work with the frequencyj cf 50 HZ comprises less than one

hcur.
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Fig. 8. Oscillogram of amission impulse.

Page 56.

if obtaining short emission impulse is act required, the

discharge/break of electicns tc the target is accomplished/realized

oy a Aiagram of the expansion cf erbit. In the discharge

devica/.quipment and the discharge circuit for this it is .ic-sary

to have only certain reserve according to the power. In this case tha

duration of emission impulse is obtained in limits (L-10)*10 - 6 s.
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Page 57.

Chapter 4.

SOME CHARACTERISTICS OF BEAM AND RESULTS OF THE LABORATORY TESTS OF

HIGH-CURRENT BETATRON.

§10. Measurement of the charge of the beam, accelerated in th'e

betatron.

The measurament of charge of the beam, accelerated in the

betatron, is fairly ccmplicated task, since there does not exist the

direct method of measuring this value. By this is explained th

existence of a large nuater cf different methcds, with the aid of

which are made the measurements of the introduced, seized ard

circulating in the betatrcn current.

To measure the charge of the team, introduced in the

acceleration, is possible by many methods, for example, by the method

of magnetic belt/zone, by the methcd of turns on the central core,

etc. The same methods can be utilized, also, for measuring the charge

of beam at the end of the cycle cf acceleration. Hcwever, the

measursments of the charge of the discarded beam hinder by those
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op-rating at the moment of the shift of the accelerated Plectrons

trom tha equilibrium orbit by pcwerful/thick electromagnet:c -i lds,

caused by the work of the pulse current generator of the diagram of

shift, interferences frcm which considerably exceed useful signal.

Thr screening of measuring devices in the betatron is almcst

impossible, since introduction intc the working gap cf ferromagnetic

or massive nonferromagnetic shield distorts the controlling magnetic

field of bctatron, leading at best to a sharp decrease in the number

of trapped into acceleraticn electrons. It is necessary tc ccnsider

alsc that the charge, led to the end/lead of the cycle of

acceleration, is substantially less than the charge cf beam, trapped

into acceleration, which respectively decreases thp value of the-

useful measured signal.

Fcr measuring the magnitude cf the charge cf beam, discarded to

the target at the end of the cycle cf acceleration, it is pcssibl. to

utilize the procedure, used on the betatron 15 MeV. Method consists

in the measuremant of electronic current directly frcm the terget in

small phases of the discharge/break cf the electrons from the orbit,

which correspond to energy on t.e crder of 1 MeV. With the -nnLqiss

of electron, which exceed 10-12 PeV, the current from the targo t

considerably differs frcm true current, since the path/range cf

electron in the material cf target (tungsten) is 4-5 mm, whereas thp

real thickness of target does not usually exceed 1 mm. Thsrefcrr- the



DOC = 10171503 PAGE

larqe part of the accelerated electrons threads target right through

and, therefore, is not recorded Ly measuring meter. It is mors than

that, under the action of the electron bombardment of target from its

material are freed/released secondary, tertiary and so forth the

alectrons. If the part of these electrons leaves target, instrument

will record a decrease in the current from the target. 4hen th

emission of secondary electrons is sufficiently great, instrument

shows the current whose pclarity is opposite expected. For

determining the true number of electrons, which experienced collision

with the target, it is necessarl tc consider the electrons, r,flqctd

oy the material of target. The reflection of electrons with th--

energy from several ten kilcelectrcnvolts to 1.75 MeV for zh2

matczials of target over a wide range z is in detail invest~gatci by

Seliger and recently by Eressel [101. The coefficient of reflection

of electrons is defined as the ratic of a difference in tctal number

of electrons, reccrded by ccunter, and an initial number cf eicct -ns

to an initial number cf electrcrs, i.e.

- nIOA nR4 nf 0 - 1, (108)
fNaq flwa,

where f.,, - number of electrons, recordad by instrument in thi

absernc :f tae zeflecting sample/specimen (in our case - target)

nni - n.,4 -- orp - number of particles, recorded by the same inr'u-nt

at the same point taking into account the electrons reflected, 4-r.,

in the presence of the reflecting sample/specimen (target) ; p-

number of the electrons reflected.
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For Z=74 (tungsten) and the range of energies of electrcn to 1.7

mev coefficient 0-0.8.

In the expressicn fcr determining the magnitude or th- cnarj- of

beam, jettisoned to the target sccn after the termination of

inje.tion, it is necessary to intrcduce correcticn for reflection in

the form of term (1- )'. Then, assuming that the current puls- from

the target has sinusoidal form, the charge of the discarded beam can

be calculated accordina tc the formula

Q(. - )-' (10911,57R

where /. - amplitude value of current pulse from the target: t -

duration of current pulse and p=O.e - coefficient of reflect-nn of

electrons by tungsten target. Prcduct in the right side 0t the

formula is numerically equal to the area of current pulse trcm the

target. Value /. will be determined from expression /.=U.,'R, who[?

I. - amolitude value of a voltage drop across resistor/resist-ance of

R, tnroagh which leaks off the measured current of the falle: to thi

target electrons. Then equaticn (109) takes the form

Q.- U.' (t 0 - (110)
1,57R

Signal amplitude from the target is greatest in small phases of

shift, i.e., with the kinetic erergy of electrons U.L4-1 MeV. The

amplitud of this signal cn the resistor/resistance of 100 chns
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composes 1.5-3.5 V. With an increase in the phase of shif- cccurs the

decrease of signal amplitude trcm the targat and, in the phase of

approximately 1800 ps, which correspcnds to energy of electrons 7-1

meV, is planned tendency toward a change in the polarity of Fise

(Fig. 9) . A larger increase in the ihase leads to a change in thc

signal polarity whose amplitude virtually does not aepend on further

increase in the anergy c' electrons.

The voltage pulse frcm the target of high-current betatrc to 25

IeV, created by the current or electrons on the resistor/rsistanc

of 100 ohms with 0=100 ps after the terminaticn of injecticn

(E=0.7-0.8 IeV, has an amplitude, equal to 3.5 V for the duration i

ps. Th.e el5ctronic charge, calculated according to formula (1)4), it

is equal to U. e
S1,57R

which correspcnds to a number of accelerated electrons

N=Q/e=5.56.1CIZ. This quantity cf electrons in the hiqh-curr.r-

betatron 103 times of more than the appropriate value, attairaI r:

tc. majority cf the best samples/secimens of usual betatrors i

whicn. charge does not exceed e*C1 electro-neutrons/Fulse.

Pale bo.

T'ere is greatest interest in the measurement ct the Iectr'r:
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charge of beam, led in the betatron to the end/lead of the cyc1c of

acceleration. The method cf reccrdiEg the current from the target

does r.ct give the possibility to fulfill these measurements en

reasons indicated above. However, the current pulse, removed from the

target with small 0 (i.e., with small E), can be used for the

calibration of any other sensor, for example signal electrode.

As the signal electrode-indicator were used two sector turns

with the azimuthal angle in 1200, made from aluminum wire and placed

within vacuum accelerative chaster at a distance of r>ro. Turns wAra

arranged/located above and under median plane of betatron and 3.n the

usual mode/conditions of work of the accelerator were utilized as thf

displacing winding for attaining the short emission impulse.
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Fix, 9. The oscillograms of current pulse from the target and from

electrode-indicator: in all Fhotcgraphs upper oscillcgram shows the

vcltage pulse from electrcde-indicator R=91 ohm, lower - voltage.

pulso from the target. In the expasion stage of the orbit of ths baam

of equal to 1) 0=180 ps; 2) 0=4O0 ps; 3) 0=1020 lus; 4) 0=1260 ps; 5)

0=1500 ps; 6) o=1800 ps; 7) q= l.

Page 61.

The connection/ccmmunication of signal from the targEt and th4

signal from electrode-indicator with the different energies cf ths

accelerated electrons E is illustrated by Fig. 9. Before the

impulses/momenta/pulses being investigated is visible the randcm

noise from the impulse circuit cf auxiliary designation/purpose. Th3

impulse/momentum/pulse of the lcuer oscillogram Fig. 9 corresponds to

energy of electrons cf apFroximately 20. 5 neV (o"3060 jus). Ir the
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duration of pulse 11.5 ps, the auFlitude of voltagd 120 mV (R=91 ohm)

the impulse/aomentum/pulse corresrcnds to a charge 4.7e10-7 k, or a

number of electrons in the impulse/uomentu./pulse of order 3.1012.

This value 600 times exceeds a nunter of particles, accelerated in

usual betatrons (-5e109).

Thus, at the beginning of the cycle of acceleration in th%

chamber/camera of high-current tetatron circulates the electronic

charge, equal to 8.9910- 7 k. It creates circulating in orbi_

electronic current, equal to

1,,, -- Q 3" -C 167 a, (I121
2rr.

where Q - charge; O=v/c - relative velocity of electrons; c=3*I' 0 o

cm/s - speed of light. At the end of the cycle of acceleraticr tne

electronic charge, equal to 4.7e10- 7 k, creates the circulating in

orbit current, equal to

. -Q ' = 4,7. 10- 7 91 113

Then average/mean in the cycle of acceleration circulating ir or .

current is 130 A. The accelerated team in the high-current betatron

is dumped to the target for the time of 0.1-0.2 MS. The pulse current

of electrons to the target with the charge 4o.7*10 - to the duration

of emission impulse TN =0.2 ps, comprises

.- = 2.39 a, a114,

but with T,,-0.1 jis - 4.7 A.
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Page 62.

It is necessary to note that the corrected numerical values are

obtained on the basis cf the measurements, carried out with cne of

the usual operating modes on the accelerator. In a number of cases

the charge of the beam, trapped intc acceleration, exceeds tha

ccrrectod here values.

§11. Investigation of beam in the process of acceleration the lateral

instability of beam in the betatron.

During the experimental investigation of the prccess of

accelerating the beam of electrcns in the first high-current betatron

in 1960 was discovered the phencaenon of the lateral instability of

the circulating electron keam. Instability apjears in the shaped beam

after the considerable time aftter the end of the process of injection

and is evinced by the periodic Increase of the amFlitude c± the

bouncing of electrons fcz a radius cf equilibrium orbit to the

vertical size/dimensicn cf accelerative chamber/camera for r=r0 . For

a cqrtain period of time (from 15 a more) beam "scratches" chaumbr

walls, losing on then the part cf its electrons. Then the amplitude
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of betatron oscillations is decreased, becoming less than the

vertical size/dimension of chamker/camerao After certain time (on the

order of hundred or hundreds of microseconds) the prccess again is

repeated, being accompanied every time by the death of the part of

the aczplerated electrcrs cn the chamber walls. In entire cycle of

acceleration can be lost 60-90c/o cf the seized into the acceleration

number of electrons. In this case on the aquadag of chamber/camera

remains clear beam trace in the form of dark/nonluminous circular

paths/tracks with the radial size/dimension approximately 10 Mm and

the veil-marked boundaries. Paths/tracks are arranged/located on the

upper and lower chamber walls accurately on radius re of the

equilibrium orbit of electrons.

With the aid of the procedure, described in the

preceding/previous paragraph, fcr the high-current betatrcn cn 25 MeY

are obtained the oscillograms of the impulses/aomenta/pulses cf the

spontaneous discharge/break of electrons to the chanter walls (sea

Fig. 10). The picture, represented in Fig. 10, to a considerable

extent depends on the conditions of injecting the electrons in ths

betatron, i.e., from a number of trapped into acceleration particlas.

Changing the conditions of injecticn, it is pcssible to obtain from I

to 8-9 impulses/mosenta/Fulses cr coe reset pulse.

Page 63.
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It is characteristic that independent of a nuubqr of reset pulsas,

which occur in the process of accelerating the beam, the rate of the

dose of the bremsstrahlung of betatron remains in affect constant,

and tc ths, end/lead of the cycle of acceleration always "lives" an

approximately identical number cf electrons.

The full/total/complete time, during which is observed th3

phenomenon of the lateral instability of beam, in our experiments
1500-1600OAs, which corresponds to- an

compcsas Aenergy of the accelerated electrons of approximately 10

lieV o

It was at first assumed, that the instability of beam is causad

by resonance phenomena, caused ty the fact that the value of th.

coefficient of the drop cf magnetic field a in the betatron was equal

to 0.5 on radius ro. In ccnnection with this the pole of betatzon

they were replaced new (see Fig. 3) . Value n in the latter case was

equal to 0.6 and was retained aFpzcxinately constant on a radius.

However, the picture of the instability of electron beam remained

previous. The late onset of the instability of beam in the transverse

direction experimentally was observed in the resonance particli

accelerators and in the accuuulatczs/storage.
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The appearing recently investigations of the coherent

instability cf beas in the accelerators and the accumulators/storag .

shed light on the nature cf this Fhenomenon. In work [15] is

theoretically investigated transverse electromagnetic interaction of

intense. uniform in the a2imuth bean with itself taking into

account the effect of the resistor/resistance of the walls of vacuum

chamber.

The bean of particles, which rctates with the angular frequency

wo ard which accomplishes coherent bouncing, generates travelling

waves whose angular frequency is equal to w=(l+ v) we, where v -

number of betatron oscillations per revolution. In the case of th

absence of the resistor/zesistance of chamber walls these

oscillations are stable. In this case on the team opdrate the

electromagnetic forces, cut of phast on 900 with resFect to the

oscillations of vertical speed of beas and which only a little

displace frequency of betatron. If this shift it is sufficient for

changing the wavelength of betatron oscillaticns to the value, which

corresponds to any resonance of accelerator, then beam becomes

unstable. For this is usually sufficient to change v to 1/4. Maximum

charge for the majority cf installations proved to be sufficiently to

large ones.
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Page 6'4.

7"

. rw2. l

Fig. 10. Osciliograms of reset pulses of electrons in process of

accelerations, obtained under varied conditions of injection:

numerals under oscillograus shcu duration of intervals between
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impulses/mouenta/pulses of "discharge/break", .s; numerals above

oscillograus - anergy of electrons at moment of "discharge/break",

MeV; rumerals between cscillograms - series number of experizant.

Page 65.

If tne resistor/resistance of walls has finite value, then thi

fields, caused by wave with the frequency w=(I-)wo, create thF

acting on the beam forces with the component, cophasal with the

vertical coherent rate. SFecifically, this wave can lead to an

axponential increase in the transverse oscillaticns of beam. The

energy of transverse mction is taken from the longitudinal Farticls

motion. The electromagnetic fcrces, connected with the wave by

frequency (a-(l+v)w& contain the ccmponent, shifted on 1800 relative

tc vertical coherent rate, and they lead to exponential damping of

bouncing. In work (15] it is shcwn that in the case of the beam,

which consists of the particles with identical values v and wo, thp

final conductivity of chamber walls always leads to instability. The

time constant of the build-up/growth of instatility for the case of

betatron is given by the equation
.0 ,,.1 ", .-908 ( -,) o (115)

2 0it :No e

where mo and e - mass and electron charge respectively; ?=mc2/m0c
2 -

energy of electron in the energy units of rest; O=v/c - relative

particle speed; c - speed of light In the vacuum; h - vertical
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size/dimensicn of accelerative chamer/camera; wo=c/2wro - frequency

of revolution of particle cn the orbit; ro - radius of equilibrium

orbit; i,-a - the number of vertical betatron oscillations per

revolution; n - index of the drop of magnetic field cn a radius; u -

ccnductivity cf the material of coating the walls of accelerative

chamber/camera. From the equaticn it follows that the rate of jrcwth

in the instability is proportional to the number of particles in beam

4i and is irversely propcrtional J/a

Page 66.

For a high-current betatron on 25 NeV the entering equation

(115) values have values; :=j-,, where wk=c/2vro; r0=24 cm;

e=6.310t1 Q-1. The substitution of these values with N=1012 in

equation (115) gives time constant vo-0.5e10-3 s, which by an order

.s less than the duraticn of the acceleration of electrons in

betatron (t, -5.I0-3 s). This sears that the instability of beam can

be developed several times during one cycle of acceleration. Since ra

is reduced proportional to decrease 1, then with smaller y at the

beginning of the cycle of acceleration ra will be still less.

From the given in Fig. 10 cacillograms it follows that tho

leveloping instability leads to the death only of the part cf

circuliting electronic current in each cycle "automatic reaper". The



DOC =80171504 PAGE ~

decrease of the circulating current leads to the ir.crease of -.he

time, necessary for thq develcpsent of the subsequent instatility,

which is acccmpanied by the next lCss of the part of accelerated

electronic current. This periodic process continues to those pores,

the charge cf the circulating current will not be lowered tc certain

critical value, with which ro becczes more than time t, which remains

to the end/lead of the cycle of acceleration, and losses no lcnger it

is observed. Consequently, total electron charge, which remain in

orbit after the c.ssaticn of "self-ejections", is certain critical

maximum charge of the beam which can be "brought" in the high-currint

Detatron to the end/lead cf the acceleration. Introduction 'c

chamber/camera and capture in the acceleration of the electrcn beam

the magnitude of the charge of which is more than this critical

value, does not lead to an increase in the charge of the acce!eratd

beam, since this "excess" part cf the charge perishes on the chamber

walls as a result of the developing instability of beam in the

vertical direction.

The value of the electrcnic charge of beam, which circulates in

orbit at the different sczents cf the cycle of acceleration, car ,

evaluat.!d as follows. Time ccnstant ro is equal to the timi., during

which the amplitude of the bouncing of beam (i.e., the vertical

size/dimension of the accelerated beam) grows/rises in s of timns.
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Page 67.

Consequently, the vertical size/dimension of team A grows/riscs

according to the law
tpto

A -A, e , I1t6)

hence ITO=, (117)
-I A-In Ao(1

where A. - initial size/dimensicn cf beam, A - maximum vertical size

of beam, limited to the vertical size/dimension of b of accelerative

chamner/camera (in our case of h=1E.5 cm) on a radius cf qquilibrium

orbit ro=24 cm; t - time, necessary fcr an increase in the amtclitude

from A, to A. It is obvious that in the gap/interval betwesrn two oeam

bursts first is pressed in the vertical direction to certain value of

A0 , and then again is expanded tc size/dimension of A. Threfcre

interval t1i between two impulses/mcmenta/pulses can be developed on

two parts, proportional to relaticn tuit,. in this case the fJrst part

of the interval correspcnds tc the compression of beam, and thi

second - to expansion.

Time t, entering expression (117), is determined from the

intermediate graphs which can be ccnstructed cn the tasis of data of

the oscillograms (see Fig. 10) taking into account ccrrections for

the increase in the energy of beam in the process of acceleration,

and it is written/recorded in the fcrm

tj + t-!1
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For determining the initial size/dixension of A. of team, i.e., the

size/dimension, to which the team will be compressed for time t, wa

will usA the equation cf the charge density, obtained by P. A.

cherdantsav,

S+ Q (e - I)-F--,(19)

wher&

Value of Po is calculated from formula (16), and F is found from

the equation
d _ w F - - 3 ( e " -I .( 1 2 0 1
dil

Page 68.

The solution of the equation of density (119) for plane beam on ths

assumption that in the team changes only vertical size/dimension with

the ccnstant/invariable width of teaa in the radial direction, takes

the form:
I= Q Y e 2(9 - -  2 (e2 -4 - el) - ()(121)

where no=1 (1-0). with t=O the beam has the maximum vertical size of

A=h and q=0; in this case o-1 and the right side in equation (121)

is turned into zero.

From equation (121) it is possible to determine functicn t(11):
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ft I I
, (122)

whence

t= .(123)

After the integration of expressicn 8123) in the limits from Ti0 anI

we will obtain

ON( 2 [e2(1 - -I.2(e 27.-- e" )11 "

S- (124)

In general this integral is not taken; therefore its value is located

by numerical integration.

Datermining t acccrding to expression (118) from the

oscillogram, it is pcssitl. tc find from the graphs the vertical

size/dimension of beam A0j, which ccrresponds to time t. It should be

ncted that value & proves to be approximately identical for all

values of energy E of launching/starting, i.e., for any interval ti.

SuDstituting A11 into exFressLcn 117), we find value To, for the

appropriate i moment/torque of the cycle of acceleration.

Substituting 'od in equaticn (115), we obtain numbers of particles J,

which circulate in orbit in any time interval between the i-th and

(i+1)-th reset pulses of electrcns. The results of calculaticn for

the oscillogram (see Fig. 10, series 11-11) ars given in Table 3.
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Page b9.

The drop of the current of the charged/Icaded particles in thP

process of acceleration is given cn the graph of Fig. 11. Point 3

(see Table 3) for the oscillogram in question falls out from the

general/common/total shape of tke curve. Bemaining six points a:-

placed to the curve. As can be seen from graphs, the loss of

electrons as a result of the lateral instability of beam concludes

for the data of the cases with the energy of electrons of

approximately 10 Mey, decreasinS the charge of the seized into tha

acceleration beam 5-6 times.
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Table 3.

I t.-0 205 19,6 8,0

2 ti-t 65 2.46 4,4

3 t3-t2 100 3,26 3,4

4 11-ts 110 4,52 2.7

5 th-t, 130 5,12 3.2

6 to-ts ISO 6.61 2.35

7 t--.t. 250 8.34 2,03

Key: (1). Number of point. (2). Section of oscillogram. (3). Interval

i , ps. (4). Energy into mcment/torque te NSV. (5). N, 1012 el.ctrons.

Fig. 11. Decrease of accelerated electron charge due to lateral

instability of beam.

Key: (1). particles. (2)e ps,

Page 70.

~1
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The subseqyent slow and insignificant decrease of the charge of beam

is caused by thR usual reasons 1loss on the atoms of residual gas,

etc.) . Up to the moment/tcrque cf the end of the process of the

vertical oscillation of team a nunter of particles ccmprises

2.03*1012 (see Fig. 11). The measured number of accelerated elsctrcns

comprises 3e.012, which will agree well with the results of the given

above -calculations.

Using data of these calculations, it is possible to present

qualitatively the picture of the behavior of beam in the high-current

betatron in the process cf acceleration. This picture is :epr.s .ntid

in Fig. 12. It is necessary tc rcte that scanning/sweep of

oscillograph OK-17M, on which were removed/taken oscillograms , das

nonlinear. On the graph cf Fig. 12 is represented the oscillcgram on

the graphic scale of tize.

From the figure it is evident that with an increase E and

decrease N increases time t, necessary for the oscillation of bqam

from Ao<h to A=h, where h - vertical size/dimension of chamtr/camnra

on radius ro.
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17,v. *J z i;7 467 n4 ~
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I J4 2.7_ _

ri;. 12. The qualitative Ficture cf the behavior of team in th :

high-current betatron on the grafhic scale of time (series 11-11):

A/2 - h.alf sie/dimension of doughnut in z-directicn; AG/2 - half

size/dimensicn of beam at the moment cf compression.

Key: (1). NOV. (2). ps. 13). Axis/axle of bundle.

Page 71.

After a decrease in the number cf circulating electrons to thq value

of order (2-3)*101 the time cf the develcpment Cf instability

becomes more than the time, which remains to the end/lead of the

cycle of a-celeration, and this entire beam being retained tc the

end/lead, it is dumped tc the target of accelerator. Thus, fcr the

first time during the creation cf ketatrons in the bigh-current
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betatrons of TPI they will achieve the limiting current of electrons,

the component to (2-3) e102 particles/pulse which can be accelsrated

in ths prescribed/assigned parameters of the magnetic field cf

accelerator. Limiting current is limited to the onset of th*. lateral

instability of beam, caused by interaction of beam with the

ccnducting layer of coating chamber walls. An increase in the number

of seized into the particle acceleration does not lead therefore to

an increase in the number of particles, led to the end/lead of the

cycle of acceleration, and therefore does not increase the rats of

the dcse of bremsstrahlung.

12. D6teraining the dimensions of focal spot to the target cf

betatron and the results cf the tests of betatrons.

For applying the betatrons in the industrial radiography it is

necessary to know the dimensicns Cf the "focal spot", formed by the

beam of the accelerated electrocs at the end cf operating cycle on

the target of accelerator. For measuring the sizes/dimensions of

focal spot was used the special chanber/camera whose diagram was

given in Fig. 13. The bean cf the bremsstrahlung of directicn into

the lead objective, which has the opening/aperture with a diairter of

0.1 mm, and on the photcgraphic file is obtained the inverted imag _

of radiation source, i.e., focal sFct on the target cf betatron.

Objective and chamber/camera are reliably shielded from saccndary
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radiation by lead shields. The sizes/dimensions of objective and

chamber/camera are clear from the drawing. In the test whcse diagram

is shcwn for Fig. 13, the image cf focal spot on the photographic

film was obtained to scale 1:2. Spct has elongated in the vertical

direction form with the sizes/dimensions about 1x3 and 0. 1x3 irn for

the betatrons to 25 and 15 MeV. The obtained sizes/dimensions of

focal spot are satisfactory fcr conducting the majority cf practical

works irnd investigations before the flaw detection.

The practical possibilities of pulse betatron during its uss for

the radioscopy of material in the pulse radiography were evaluated

accerding to tha radiosccpy of the maximum thickness of lead block.

Page 72.

Or. the path cf the bundle of bremsstrahlung it was placed the lead

key, carried out in the fcrm of cute with the side 50 mm, which has

on the face, turned to the photcgraphic film, the cylindrical

openings/apertures of different depth. Cassette with the film was

arranged/located directly after the key and was from behind shielded

by the layer of lead. The overall thickness of the absorber bsfore

the film changed with supplementary lead blocks. The task ccrsisted

of the determination of maximum thickness of the x-rayed material,

i.so, this thickness, which "was available" to beam undar the most
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favoraole conditions of radiosccpy (fluorescing intensifying screens,

mcst sensitive photographic materials, stc.). As the radiaticn

detector was utilized the x-ray file of firm "Ilford" with

fluorescent intensifying screens (front/leading and rear). By one

emissio, ijpulse it was possible tc X-ray the layer cf lead with a

thickr.ss of 140 mm. In this case on the film was distinguished thc

imaqo of the openings/aFertures cf the key, on which was determinead

• a ,; x-rayed thickness. Average density of blackening of film

0.7-0.9. The photometric measurement of films was nct produced.
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2. /,4

Pb

Or

?iy. 13. The diagram of chamber/camera for photographing of the focal

spot of betatron: 1 - target; 2 - ctjective; 3 - chamber casing; 4 -

photographic film. Belcw - the schematic of the construction/design

of objective.

Key: (1). Beam.

Page 73.

Fcr the radicscopy of the same blcck of lead ca the Letatron cf TPI

on 30 MeY at the rate of the dose cf 70-80 r/rin was rpquired the

time from three to five seconds, i.e., from 150 to 250 emissien

impulses. This means that the average/mean radiaticn dose ratA. of

4
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hih-current betatron per cycle of acceleraticn is approximataly 5

r/cyclA, i.e., it is apprcximately/exemplarily 200 times more than in

usual betatron on 30 MeV.

For the laboratory evaluaticn/estimate of the technical

possibilities of high-current betatrons to 25 and 15 MeV, working at

the frequency 50 Hz, were carried cut some investigations on the

radiographic flaw detecticn of the thick layers of different

materials (lead, steel and plastic). In the process cf the radioscopy

of samples/specimens to the filz cf type RM-i and RT-1 were selected

the optimum thicknesses of metal intensifying screens on the saximum

blackening of film at the 2inimus fcr each specific case expcsureo

Investigated also a change in the necessary thickness of intensifying

screen with an increase in the thickness of the x-rayed layer of

material. As a result of the filtration of radiation/emissicn the

thickna3ss of front/leading inzersifying screen respectively

grows/rises. The high intensity of the bremsstrahlung of high-current

betatrons makes it pcssihle to considerably reduce the time cf

exposure with the radiosccpy cf materials in thickness to 300-400 mm

they began to increase bcth the maximum thickness of the x-rav-d

material and productivity cf the betatron method of control/checking.

Thus, the layer of steel in thickness 200 and 400 mm is x-rayed

with the radiant energy 11 ReV and focal length of 1 m for 1.5 and 40
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min respectively. But with the energy of emission of 25 MeV and the

focal length of 2 a the layer of steel in thickness 200 and 500 mm is

x-rayed respectively in 2-3 s acd 40 min.

The photographic density cf film in all cases was led t( 1.6-1.7

units of optical density. Fig. 14a depicts the dependence of *hf? time

of the exposure of the radiosccry ci different material with the

radiant energy 11 MeV on the thickness of abscrber. The high

intensity of radiaticn/emission decreases the ill effect of the

asscciated transient processes. Therefore is Fossible obtaining the

Jetectability of defects in limits cf 0.9-lo/c of thickness of ths

x-rayed layer in entire range of the thicknesses of material (from

200 to 510 am on steel).
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Fig. 14. Graphs of exposures (a) and detectability of defr-cts (b) for

case of high-current betatron witb energy 11 IeV: I - lead, focal

length of 1 u, film R-1, shields 1P2; 2 - steel, focal length of 1

m, shields 1P2; 3 - plastic, focal length of 2 m, shields 1P2.
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Key: (1). Expcsure, min. (2). Thickness of absorber. see (3).

DEtectability of defects, mm. (4). Thickness of absorber, mm.

Page 75.

Ths detgctability of defects, determined by the standard

penetrameters, prepared from the material of the

controllable/controlled/inspected sample/specimen, is represented in

Fig. 14b. Due to the large thickness of the x-rayed samples/specim'ns

(throughout the model mass more than 1500 mm with the radiant g:prgy

11 MeV) the image of the defect, iccated near by that turned to thc

radiation source of the wall cf sample/specimen, is increased, which

impedes the determinaticn of its actual sizes. The simultanecus us4

of two beams, generated by sterectetatron, makes possible the

stereo-exposure of defect. Fig. 1! shows the cbtained with the ail of

th2 ste-reobetatron X-ray stereoscopic photograph cf the steel

article, which has lcngitudinal blind opening/aperture. The lcwer,

more light part of the negative ccrresponds tc the layer of lead with

a thickness of 50 mm (standard lead brick of biological protection),

which was established/installed befcre the article. Exposure during

the photographing 1-2 s.
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Fig. 15. X-ray stereoscoFic photograph of steel cylinder with the

ccncentric cavity: transverse band - face of the lead brick, which

was being located before the article; exposure of approximately 7 s.

Page 76.

The laboratory tests of high-current betatrons confirm the groat

possibilities of their use/application for the radiographic

monitoring of articles and materials of large thickness.

91j. Position finding of defect wIth the aid cf two beams of

bremsst rahlung.

During the flaw detection of the thick layers of materials with
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the aid of the betatrcn bremsstrahlung frequently appears the need in

the determination of the depth cf the occurrence of the disccvered

defect in the thickness of the ccntrollable/ccntrolled/inspected

material or article. The betatron, which generates two beams of

bremsstrahlung (11], considerably facilitates this task, since it

maKes it possible to obtain the space image of defect. Analyzing the

geometric picture of the cbtained space image of defect, it is

possibl, to detsrmine the depth of the occurrence of defect in ths

article.

In the presence of two fixed/recorded beams with the

prescribed/ass'gned distance cf B between foci 0, and 0. and the

angle a betweer the beams the procedure of the inspection of .rticie

is reduced to the folloing:

1. article is moved in parallel to line 0^ (Fig. 16) by

steps/stages corresponding to the field of irradiation.

2. Focal length F remains constant during inspection of this

article.

3. Position of photcgraphic films and their sizes/dimensions are

selfcted conceal by shape so that field of irradiation by pillar

would be placed over area of film.
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Lat us examine two Fcssible cases during the use ot d

stersooetatrcn for the stereo-flaw detection. In the most favorabl

case dafect "ses" both beams simultaneously, i.e., defect is located

in the intersection regicn of beams. For determining tha coordinate x

it suffices to measure the distance between the images of defect on

the photographic films. In this case the expression for x in

accordance with the gecmetric ccnstructions on Fig. 1 takes th3 form

FbL
6t + B

Page 77.

with c=O (films are located directly on the surface cf articlr,)

-- F - (126)
b -B

In the large phase (for example, in the two-chamber stereobctatrcn)

and with the radicscopy of large-size articles is possible the cas;

when the defect first falls in the field only of one beam. Sc that

the defect would be "noticed" by the second beam, it is necessary

article to move in the direction cf it longitudinal axis to certain

distance of 1 (Fig. 16).
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Fig. lb. Diagram of stcrec-flaw detectioAi by two beams of

sterr-obetat ron.

Page 78.

In this case the depth of the occurrence of defect easily is fcund

from the same geometric relatictskilp/ratios:

X- F(b, *t1) C.(127)
b, -t- B

In the prascribed/assigned direction of movement of articla, tha

defect is fixed/recorded with first or second beam, depeniding

on that, through what side of the region of the radicsccpy cf bl ams

it is located. The latter determines the sign of value 1 in formula
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(127). in the case, depicted in Fig. 16, the defect is locatfd behind

the intersection region of beams (on the course of

radiation/emission) ; therefore it falls before in the field of tho

view cf the second beam. Value 1 in formula (127) in this case is

positive.

The required fcr determin4 ng of x value tj can te replaced by

value b=b, -l which is measured more easily than b,, especially with

the large sizes/dimensicns of the ccntrollable/controlled/inspected

article. Is measured value b as follows. Let defect A during the

first pnotographing prove to be in the zone of action of the first

beam. Its imag, was designed at pcint A, of photographic film P1 .

Against this point on the surface of article, turned to the

photographic film, is recorded ty chalk. After this article they

gradually move relative to radiaticn source, and, when displacement

reach.es certain value 1, defect A falls into the zone of the action

of the second beam and its image it will be designed at pcint A2 of

film P2. In this case the mark, which correspcnds to the first image

of defect, also is moved to value I. The place of the seccnd image

again is fixed/recorded on the article. After measuring the distance

between the marks on the articlE, we will obtain b=bt-l. In this

case formula (127) somewhat changes:

Fo th. it28)

From the geometry Pig. 16 it is possible to also find exur~ssicn
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for determining coordinate y of defect from the longitudinal axis of

article. This coordinate should be counted off from the marks on the

article.

Page 79.

During the use of a mark, which corresponds to the second image of

defect, the expression fcr y takes the form
x-4-C t

Y -'±-' b. B ±2Q,(129)2F

where a2 - displacement cf the seccnd image of defect relative to the

trace of central ray, i.e., relative to the center of photographic

film. If the image of defect is iccated to the right of thq trace of

central ray, as occurs in Fig. 16, value a2 in formula (129) is

negative. In the oppcsite case - it is positive.

If necessary can be determined also coordinate z:

X-C)-. (130)

Since

+ b, + B (131)

that we will obtain

-ma l (132)0b +B

where a3 - divergence of the image of defect relative to the plane cf

the axes/axles of bundles. Coordinate z is counted oft in the

direction of divergence ao
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Thus, the method of the stereo-control/stereo-checking cf

large-size articles and thick-walled materials examined giv.es the

possibility with a sufficient degree of accuracy to determine the

coordinates of the locaticn of defect in the thickness of the

controllable/controlled/inspected material. Method is ccnveniecnt for

the inspection of batch production in the the production conditions.
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Chapter 5.

Two-chamber stereobetatrcn.

In many instances ct the practical use/application of betatrons

appears the need of irradiating the object from two isolated points

with the separate location of the itput and output fields of

irradiation.

For example, in the industrial flaw detection of thick-%alli

materials cr parts it is necessary not only tc reveal/detfct 'he

presence of defect, but also to determine its locatica in the

thickness cf material. 'the presence of stereoscopic photograFh makes

it possible to unambigucusly determine the depth of the occurrcnce of

defect in the article.

In thp clinical medicine it is possible to use the two-field

rotation irradiaticn cf otject, selecting the fields of input and

output of beams in such a way that the beams would intersect on th?

swelling.
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The duration of the emission impulse of :etatrcn comprises

usually about 10 ps. The use/application of special attachments

reduces emission impulse to 0.1-0.2 ls ( 12]. Betatron with the short

emission impulse can to used for the pulse radiography of the

hiqh-speed processes or fast-mcving machine parts and mechanisms. If

we allow movement of ioving object up to the distance cf 0. 1-1.0 um

for the time of exposure, equal to 0.1 ps, then this corrospcnds tc

the rate of the displacement of okjoct from 103 to 104 km/h. The

irradiation of object from twc isclated points makes it possible to

obtain the stereoscopic image of the part, which moves in the closed

space, unavailable to optical cbservation. For studying tha dynamics

of the high-speed process it is desirable so that the exissicr

impulses, which pass frcm two different points, would be cue cf chasa

certain adjustable angle.

Page 81.

In this case are obtained two photcgraphs, corresponding to two

concrete/specific/actual stages developments Cf process in thi time.

It is possible to give ancther series/row of examples indicating

the need for the two-field rctatica irradiaticn of the subject of

irvestigation. The two-field rotation irradiation of cbject, cr

sterso-irradiation, can be solved by several methods.
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1. Displacament of betatron relative to object over circular arc

of prescribed/assigned radius R cr rctation of object arcund

axis/axle, passing through regicn of object being investigated. Both

versicns are utilized bcth in the industrial flaw detecticn and in

the medical practice. ShcrtccaiEgs in these methods: a) the reed for

the construction of mechanisms, which ensure several degrees of

freedom with the displacement of equipment, b) the impossibility of

the realization of the higb-s eed/high-velocity stereo-exposure of

mcvirg objects.

2. Use/applicatitn of two separate betatrons for soluticn of

problems of stereo-irradiaticn. Hcever, the considerable

zomplication of the operation of two betatrons in comparison with

one, the need for the special timing mechanism of the work cf twc

betatrons with the high-speed/bIgb-velocity stereo-expcsure cf

obje:ts, the raquirem.nt for the supplementary areas/sites fcr

positioning/arranging of ktatrcrs and auxiliary equipment and so

forth make use for sterec-irradiaticn of two betatrons unsuitable.

3. Development of special constructions/designs of betatrons,

which generate two beaus cf bremsatrahlung. One of the versicns cf

this betatron is developed and be is in series released by firm
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"braur-Bover!" in Switzerland [ 15]. Firm "Braun-Boveri", utilizing

for accelerating the electrons the first and third fcurth of priorl

of a caange in the magnetic flux, generates in its betatron two beams

oi the bremsstrahlung which are alternated with phase shift in 1d0 0 .

dowever, the distance between the radiation sources limitad by th-

diameter of vacuum accelerator chatber and for the ma]ori.y cf

betatrons does not exceed 0.5 m. Therefore the three-dimensionality

of the image of defect is expressed weakly, especially with thi.

radicscopy of the thick layers cf uaterials and the large focal

length. Furthermore, a doutle-beau betatron of such type do~s not

2aKr it possible to produce the high-speed/high-velocity

sterec-expcsure cf moving objects due to the asynchrony of the

generation of beams.
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Page 82.

4. fse of two-chamber stereobetatron, proposed and devcloped in

TPI. In this case most ccmpletely satisfy the requirements cf the

stereo-exposure of the fixed and ucving/driving at a high speed

objects. The first two-chamber stereobetatron (on 10 MeV) was out

into operation in 1957. In Fig. 17 it is represented its

construction/design.

During first fourth cf period of a change in the magnetic field

the acceleration in bcth gaps of stereobetatrcn is

iccomplished/realized simultanecusly during the motion of the

accelerated electrons alcrg the equilibrium orbits in opposite

directions. Changing target location, it is possible to obtain any

desirel direction of prcpagatica cf beams. It is obvious that in the

stereooetatron it is possible 4c utilize for the acceleration and

second iourth of pericd. In this case the stereobetatron will

generate respectively four beams, which considerably expands thc.

practical possibilities cf accelerator.

Two crossing itself beams, which appear simultaneously, makq it
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possible to solve all enumerated abcve problems of

stereo-irradiation. The distarce tetween the radiaticn sources in t.he

sterecbetatrcn to the energy 10-25 rMeV exceeds 100 cm, which provides

the well expressed three-dimensionality of the obtained photcqraphs.
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Fig. 17. Diagram of the ccnstructicn/design of two-chamber

sterecbetatron.

Page 83.

The operating principle of twc-chamber stereobetatron dcss r.

differ from the principle of the cperation of usual bhtato're.

However, some specific questicns, ccnnected with the design teaturIs

of steraobetatron in comiariscn with tha betatron of w-shaped

ccnstruction/design, required more detailed examinaticn and

development.

In comparison with w-shaped type betatron two-chamber

stereobetatron it possesses tvo special features/peculiarities, w ._ch

escape/ensue from its ccnstructicn/design. First, the magnetic flux

of stereobetatron does nct branch, being general/common/total for
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both accelerative systems. In the second place, occurs the ircr:_

sharply pronounced asymmetry cf Ragnetic circuit with respect to the

pole pair of the shaped, since pole they are arranged/located at the

ends/leads of the framewcrks, brt not in their center. Both th'ese

special features/peculiarities can introduce supplementary

disturLuances/perturbaticrs into the structure of the magnetic field

of stereobetatron and cause the specific technical difficultiss in

obtaining of the satisfactory characteristics of magnetic fiell in

the interpolar space cf accelerator.

During the development of twc-chamber stereobetatron arcse thz

ccnnected with the special features/peculiarities of its

ccnstruction/design qupsticns, which required more detailid s-udy and

experimental investigation.

1. Considerable amplification of azimuthal magnetic bump of

stereobetatron by asymmetric lagnetic structure.

2. Absence of upright struts cf magnetic circuit, eliminating

use/applicaticn of ccupeesatinq turrs for correction of azimuthal

phase magnetic bump. Arrangement/pcsition of the correctivo turns on

the frameworks of electromagnet does not give the desired effac: cf

the adjustment of the structure cf field, since fcr both workin; gaps

of stereobetatron magnetic flux general/common/total and therefore
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the adjustment of the structure of field in one gap can lsad to the

distortion of field in other gap. In other words, the adjustwent of

phase magnetic bump of sterec.etatrcn can prove to be virtually

impossible.

3. Possible decrease in intensity of radiation/emission in

stereobetatron, caused by two preceding/previcus requirementE.

Page 84.

one should emphasize that due to the absence of the analogous

constructions/designs of electromagnets in the existing betatrons,

and also the informaticon cn these questions in the literary scurcps

we were forced during the construction of the first

sterecbetatronsto develcF each question theoretically and check thp

results of calculations experimentally.

Let us compare the structures of the magnetic field of

two-chamber stereobetatrcn and ketatron of w-shaped

corstruction/design. The methods of obtaining the satisfactcry

structure of magnetic field in the stereobetatron whose

characteristics must be, at least, not worse than in the betatron cf

usual, w-shaped construction/desig9.



DOC 80171505 PAGE

§14. Azimuthal magnetic bump of betatron.

In the theoretical examinatic of electrcn motion in the

betatron it is assumed that the magnetic field in the intprFclar

space does not depend on azimuthal angle#4. Hcwever, in the carried

out constructions/designs of the electromagnets of betatrons always

occurs certain azimuthal magnetic bump. This leads to the distortion

of the circular orbit of the accelerated electrons. from thp theory

of induction accelerator it is known that divergence x0 of the

distorted orbit from the equilibrium is determined by the expression

cos(eI - ), (133)

'-I

where ro - radius of equilibrium orbit; h, - relative value of the

fundamental harmonic cf the decomposition of the magnetic field of

betatron in the Fourier series; a1 - phase of the 1 harmonic: n -

index of the drop of magnetic field.

Azimuthal magnetic bump of betatron approximately can be

rated/?stimated as follows. Let the intensity/strength of fiFld H, at

zertain point of equilibrium crbit (9. ro) change according to the

sinuscidal law
H, =H, sin wt, (134)

wher Hol - amplitude of the strength of field at pcint (o. r.)
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Page 85.

At another point ()2, ro) the strength of field can differ from the

first both in the amplitudq and in the phase, i.e.,

H. = H.2 sin (wt - v., (135)

where o - phase shift between the vectors of the intensity/str-Bnyth

of field Ho and H2. Taking into account that the angle o is small in

the value, we obtain

H, Ho Ha tgmt H,,

+ tTw (136)

since value H02/Hot, clcse to unity.

From the obtained expression follows that the heterogeneity of

field for two points in questior is composed cf two components: by

amplitude (H02-Ho,)/H 0 and temporary/time, or phase 0/tg wt.

Amplitude (static) magnetic bump appears as a result of the

dissymmetry of constructicn/dssign, inaccuracy in manufacture and

assembly of the separate Farts cf magnetic circuit and edge effects

upon transfer of magnetic flux thrcugh the structural/design gaps,

i.e., as a result of the different reluctance of the sections of

magnetic circuit along separate field lines.

The phase heterogeneity of field appears as a result of



DOC = 80171505 PAG/~

different energy losses bith the passage of flow on the individual

sections of magnetic circuit. This difference in the energy losses is

caused by nonuniform magnetic flux distributicn according tc the

packets of the framework cf magnetic circuit, the overflowing of flow

of one section of magnetic circuit in another across the sheits of

steel, and so forth. As a result magnetic flux at one point provas to

be out of phase to that yr other side relative to flow at another

point of interpolar space.

Fia. 18 depicts vector diagram of phase and amplitude magnetic

bumpr of betatron.

Page 86.

?rom the diagram it is evident that the amplitude heterogeneity is

determined by the vector, cophasal with vector Hoj, and phase - by

vector, perpendicular to vector H.,. At the beginning of the cycle of

acceleration with small wt the bigh value has the phase

hetercgeneity, which reaches by IC-12o/o during the injection,

whereas amplitude heterogeneity ccmposes 2-3O/o. with the the larle

wt phase heterogeneity nc longer has a value, since its value

approaches zero. Both cciponents cf azimuthal magnetic bump of

Detatron are well studied [ 1] and developed the methcds of their

ccrrtction.
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Let us pause in moe detail at the azimuthal heterogeneity of

field (both amplitude and phase) ID connection with conditions in thq

two-chambor stereobetatzcn.

i r _
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Fig. 18. Vector diagram c phase and amplitude magnetic bumps of

Detatron.

§15. Amplitude (static) magnetic Lump.

Usually in the betatron the axflitude heterogeneity of field

aces not exceed allowed value (2-3c/o) and does not require special

adjustment.

Two-chamber stareobetatron has the more sharply pronounc.d

asymmetry of magnetic circuit in ccmFarison with ths betatron of

w-shaped ccnstruction/design, since the pole cf stereobetatron the.y

are arranged/located at the ends/leads of the frameworks of magn.itic

circuit. Therefore for explaining the structure of magnetic field we
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will estimate the expected amplitude heterogeneity of sterecb-tatron,

taking into account the design features of magnetic circuit, ard lat

us compare the calculated and experimental amplitude beterogcncity of

stereobetatron with the afpropriate values of the betatron cf

w-shaped construction/design.

Page 87.

Assuming that the precision/accuracy of the assembly of th4

magnetic circuit of betatron and stereobetatrcn is identical, it is

possible, obviously, to ccnsider that a difference in the amFlitud;

heteroqeneity of betatron and sterecbetatron will be determined only

by a difference in the lengths of the lines of force cf the uagnetic

field of one constructicD/desigr with respect to another magnetic

structure. In this case be will not thus far take into consideratio

the fact that in the stereabetatrcr the total quantity of air gaps

along the magnetic circuit alacst is twice more than in the. h-tatron

of w-shaped construction/design.

Fig. 19a and b shows the diagrams of the magnetic circuits of

the betatron of w-shaped constructicn/design and two-chamtar

stereooetatron. Length cf the line of force, which passes alcng th_

transverse axis of the symmetry cf roles, designated /... the maximum

and minimum lengths of lines cf fcrce - I., and /, respectively.
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In this case the designations with the prime K.' . i relate to

the w-shaped betatron. Letters L- and 1- respectively - th-a

maximum and minimum lengths of the lines of fcrce of stereotctatron,

which pass along the logitudinal axis of the symmetry of magnetic

circuit and adjacent to central Fcle core (i.e., in the zcne of th,'

smallest value of air gap of stereoetatron w..). The designaticn of

the sizes/dimensions of the individual sections of magnetic circu:t

is clear from Fig. 19. Fcx simplicity we consider that the

sizes/iimensions of the separate parts of the magnetic circuit of

betatron and stersobetatron are equal to each other (diameter of

poles, length and the height cf frareworks, etc.):

1, +-[ 2, h,; I,. =1. -2.

I. ' - 2rc.

For the stereobetatron, considering that 2/,' we obtain:

1. - 2(1. -4- ,, - k, - 2r, )

In - 4r.; 4.1c M l - 4r,,
1, . - u - 2r.; 1:-.. = , - r,.
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Page 8,

b.__,_

IMUNAqxr

F-g. 19. Diagram of magnetic circuits of betatron (a) and

sterecoetatron (b).

Page 89.

From th3 comparison cf the lengths cf lines of force we sce that, for

example, absclute value cf diffErence I, ... in the

steraooetatrcn is twice mare than carresponding difference L'*-I',

in the w-shaped betatrcr. However, since line of force in the

stereobetatron is longer than the ccrresponding line in the Letatror,
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the relative elongation cf line of force is virtually equal.

Actually/really, the relative elongations of line of force fcr both

cases ari respectively equal to 4rJ., and 2r,. 0

Let us determine the relaticn of dencinators lwla':
ig__ . 2 (i. -I,--2r) --2 - 2,1, - 4r
In, Iul 2 2,, - (t, - t,,,

The spcond member of the ottained expression is small in corFariscn

with the pair, since both compcnentE/terms/addends in the nume:tor

are nearly equal to each cther in the absolute value, and Iencminator

is considerably more than numeratcr. Thus, fractions 4r,/i. ard

2r, I.' are in effect equal.

in the specific case when ,=1i2 ca. 1,,-26.3 c* A,-15 c, r. =16.5 cx.

and r, -9 cM and ro=13 ca (betatron on 15 MeV TPI), we have

=2- ,6 - 66.0 :2,07,
1' 52.6+ 127

i.e., in the stereobetatrcn the relative elongation of line ct force

even somewhat less than in the w-shaped betatron, and amplituds

magnetic bump in thp stezeobetatrcn for the example examined Icss not

deteriorate. The maximum difference in-the lergth of lines cf fc.c-3

will be, obviously, L,,-Ln.N=Srn in the steraobetatron anI

L' - I',,, - 2r. in the w-shaped tetatron. Analogous with the

preceding/previous case let us find that for this azimuth the

relative elongation of line of force in the stereobetatron is 2. j5

times more than in the betatrcn of u-shaped ccnstruction/uesijn.
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Consequently, on this azimuth it is possible to expect deterioration

ir the amlitude heterogeneity cf field.

L3t us determine the reluctance of the magnetic circuit cf

belatron , with air ja and steel sagnetic circuit.

Page 90.

The reluctance of air gaj

POS

dherF 5. - full/total/ccmplete vacuum gap, switching or air gaps

zlsarance of magnetic circuit, that comprise usually (1.07-1.08) ;o:

S - st-ztio of the ccrp cf magnetic circuit; po - magnetic. Thi

reluctince of steel
IK - - o

whare j=SOOO - relative magnetic permeability of transformer steq2.

Relation of the resiEtcr s/resistances

The ootained expression determines the share of the reluctance of

betatron, which falls tc the steel part of the magnetic circui*. Th-

same will be the value cf the ccatributicn of the steel part cf ta;

3a4netic circuit to the a:Flitude heterogeneity of tield AH, i..,

Ho' - H /m.,
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the reluctance of air gaps of sterecbetatron is equal to R..=2,/lS,

whilc reluctance on steal R. = In - 1,-2?. Then ratio
IU - O ? S -' S

and AH. = H l,- * The relative amplifcaticn of

amplitude magnetic bump ot stereobetatron in comparison with the

heterceneity in the hbtatron is equal

XH." 2 (l , - )

For menticned specific case i'h . 1.=I 12, i.e., amplitudq

heterogeneity increases only 1. 12 times. From all that has been

previously stated, it follows that amplitude magnetic bump u~cn

transter from the usual betatron tc the two-chamber

construction/design virtually dces not deteriorate.

Page 91.

Its absolute value, as in the w-shaped betatron, it depends rnly on

the pr cisicn/accuracy of the assembly of magnetic circuit and dons

not exceed the limits of the allced values.

In the given short-cut calculation were not considered th stray

fields of electromagnet, since these fields fcr both

constructions/designs have identical order of magnitudp, bul in th=

stereobetatron is observed more qxpli.cit asymmetry in magnetic flux

distrioution of scattering. The experimental check showed that the

effect of stray fields tc the structure of field does rct havej vilal
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importance.

The real picture of the static heterogeneity of the fiell cf

sterecbatatrcn was experimentally have investigated we cn the spfcial

shapes and the electromagnets cf the accelerators in opsraticn.

Fig. 20 depicts amplitude magnetic bump for several magnetic

circuits. The heterogeneity cf field in the mcdel of stereobetatron,

which does nct contain magnetizing coils at the pcles, it is shown in

Fig. 20a. Heterogeneity ccmposes -3o/o and takes the asymmetric form

as a result of the sucticn effect cf frameworks on azimuth of 9Q0 .

In the stereobetatrcn on 10 MeV the static heterogeneity of

field is less (Fig. 20b). since ma~netizing coils are place cn the

pole pieces. Fig. 20c depicts amplitude heterogeneity for twc

sterecbetatrons (to 15 and 25 MeV) with the large air gaps. Sinc- an

increase in air gaps decreases the effect of the dissymmetry of

construction/design on the static heterogeneity of field, the lattir

for these cases does not exceed ic/C.

Fig. 20d gives the static heterogeneity cf stereobotatrcn on 3

1eV with the toroidal macnetic circuit. Because of this magnetic

structure Is achieved/reached ccnsiderably greater symmetry in the

leakage fluxes on all azimuths. Therefore stati, heterogeneity in
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this stereobetatron is small (less than 0.5o/o) in the absolute value

and has symmetrical distrituticn.

For the comparison (Fig. 20e) is given static magnetic hump of

the betatron of w-shaped constructicn/design whose electrcmagnet was

assembled with the especially high precision/accuracy and thfe

thoroughness. The hetercgeneity of field compcses here 1.5o/c.
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Page 94.

Sol,0

Z910 - S0 150 270 0 20 120 V70owd

MON 0 270

Fig. 20. Picture of azimuthal magnetic bump of stereobetatrcn for

several magnetic circuits: a) magnetic circuit with cne stable; b)

sterscbetatrcn; c) high-current stereobetatron;* d) stereotetatron

with to:oidal core; e) usual betatrcn (for comparison). A - afflitide

heterogeneity; Ba phase heterogeneity "natural" and corrected for

both pole pairs.

Key: (1). deg.

Page 95.

Thus, experimental data confirmed conclusions the fact that

amplitude magnetic bump in the tuc-chamber stereobetatron is not

wcrse, but for the accelerators with the ample clearance cr the~
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toroidal magnetic circuit it is considerably better than in th.

betatron of the propagated v-shaped construction/design. Sir.cr th.

absolute value of amplitude magnetic bump in the sterecbetatrcn is

low, then the supplementary ccrrecticn of this heterogeneity it is

not reluired.

§1b. Azimuthal phase magnetic bump.

Azimuthal phase heterogeneity in the betatron of w-shaped

construction/design can reach the value of order (5-6)-10-3 rad,

which corresponds (with the feed cf electromagnet by power current)

to phase shift of magnetic flux fcr differant points of equilibriim

oroit in 15-20 us.

For decreasing the phase heterogeneity of field is util.4zsd the

propagated method - method of ccupersating turns. Method is based or

what closed loop, which encompasses the packet of framework, craatas

due to the induced in the turn current magnetic flux 0a, shifted

relative to the main flcu to the side of delay the angle 1,, close to

900. Thus, if we to the packets of the strut of electromagnet place

closed loops, then the anticipating/leading flow cn the azimuths,

which correspond to these packets cf framework, will be shifted to

the side of delay, i.e., the degree of the heterogeneity of fi-ald

will coange.
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In the complex form the shifted flow is equal to

where the value with one and two primes - projection of vectcrs cn

the real and imaginary axes of numerical plane respectively. On these

projections can be found and anc1e IN?. on which it will turn itself

to the side of delay the vector of flow a):

&" *!' - ID" ''

Page 96.

The value of phase shift depends both on the current in the

compensating turn and on impedarce cf turn Z.

For the more effective adjustient of the heterogeneity cf fild

are applied not closed locps, but ccmbinaticn of turns on the packets

with the anticipating/leading flow, included contrarily with the

turns on the packets with the delaying flov. For the puzpose of tha

adjustment of current in the compensating turns is utilized tho

injection of these turns from the separate voltage scurce or from thq

system of the turns, which enccapass entire framework as a whola.

Varying thp method cf the inclusion of compensating turns intc the

separate groups and changing in them current, it is possible savaral



DOC = 80171505 PAGE 4

times to reduce the initial "natural" phase heterogeneity of field.

The method of compensating turns on the struts of magnetic

circuit cannot be used in the stereobetatron due to the absence of

rows. In connection with this fcr the correction of phase magrvtic

bump in the stereobetatrcn is develcped (and it is used in thd

accelerators in operation) the method of the sector compensating

turns, arranged/located in the 4cirt between pole and framewcrk of

magnetic circuit. The correction method of the structure of field

relmais the same, i.e., the groups of the turns, which encompass

sectors with the delaying field, are switched on contrarily to the

turns, which encompass sectors with the anticipating/leading field.

Ir this case the corrective action cf turns proves tc be more

effective aud descend the expenditures of electrical energy in

ccmparison with the turns, arranged/located on the struts of magnetic

circuit.

For positioning/arranging the compensating turns between the

pole and the framework allcvs clearance 2-3 ma, if turns are mounted

on the spacial disk. This leads tc an increase in magnetomotive force

of magnetizing coils by value

A F,- F, .

where F. - magnetomctive force of the magnetizing coils of

acceleratcr; 6u - gap between the framework and the pole and n and
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n, - rumbpr of gaps 6, and 60 respectively. Value A£F, dcos rot

exceed 3-5o/c.

Page 97.

rhese value can be considerably lowered, if tc provide on thc nlaar.

of pole, turned to the framework, special slots/grooves for lying the

compensating turns. In each of 4 jcints pole - frameuork is

arrangsd/located the grcup of ccmpensating turns, of 12 sactcrs.

Azimutaal solution/openinq of each sector of 300. Azimuthal

solution/opening of each sector cf 300. Each group of sectors has its

connection diagram, selected experimentally.

Fig. 20b shows "natural" phase magnetic bump of steractatre-r.

for both pole pairs and corrected hy sector turns structure of

magnetic field. Natural azimuthal heterogeneity we have a scatter 3.3

ps, which corresponds tc 1.5 G. After adjustment this scatter is

reduced to 0.4 ps, i.e., more than eight times.

The adjustment of phase magnetic bump with the aid of of

compensation turns requires the cchsiderable expenditure of timp,

supplementary consumption of electrical energy and tc the cfrtain

degree complicates the alignment prccedure and operating the

installation. Therefore chtainieg in the betatron of magnetic -i.id
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with the sufficiently small azimuthal heterogeneity, which does not

require special measures for its adjustment, is very desirablr. For

this in the stereobetatrcns is develcped and used (4: the proposed by

M. F. Pilippov method of the special laying cut of the framewcrK of

Detatron in the evenly lcaded packets, which sake It possible to

lower the initial "natural" phase heterogeneity of field to th=

level, which does not require subsequently of supplementary

correction with the aid of the compensating turns. Method consists of

the tollowing.

Since the phase heterogeneity cf field tc the large degre..= is

determined by nonuniform ragnetic flux distribution accorlir.i tc the

section of framework, the equalization cf this distributic'r TUst le-aI

to a sharp decrease in tke hetercgeneity of field in the interpolar

space of w-shaped betatrcn or stereobetatron. The identical valae of

magnetic inducticn in all packets can be obtained in the framcwcrk cf

stepped section. However, the fzauewvck of this section is

technologically more complicated. The same effect of tlattering of

the magnetic loading cf packets frameworks it is pcssible tc obtain

in the framework of rectangular crcss section the appropridte laying

out of steel framework tc the packets of the strictly defined

sizes/dimensions.

Page 98.
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The air longitudinal ducts betweer the packets also are regulatvd

Doth according to the sizes/diuensicns and on the location of the

transverso axis of framewcrk. Ccllected thus framework is equivalrnt

to the framework of stepFed secticr. Necessary laying out of the

framework of stepped section. The necessary laying out of framework

for pack9ts it is easy tc design for each specific case.

Table 4 gives the calculated program of the blending of the

framework of high-current betatrcu cn 25 MeV.



DOC 80171505 PAGE

Table 4.

Ho#Aep cTY- W'.psna CTyi To ui"sma 3a'op i4' cTopomy To. wUia npo.
news ilacela ness. ua nae.a NM na eta AA k31K , .1

5 23 7.4 7,8 7,8
7,8

4 25 14,0 5,5 13'8
5,5

3 27 19,4 3,8 9,3
3,8

2 30 25.2 2.4 6.2
2,4

1 30 27,4 1,3 3,7
1.3

0 105 105 0 1.3

0 105 105 0 1.3

1 30 27,4 1.3 3.7
1.3

2 30 25.2 2,4 6.2
2,4

3 27 19.4 3.8 J.3

4 25 14.0 [ 5,5 1,2,5

5 23 7,4 7.8 7,8
7.8

80 396,8 - 81,2

Key: (1). Number of the step/stage of packet. (2). Width of

stgp/stage, an. (3) . Thickness cf racket am. (4) . Gap to side of

packet, am. (5). Thickness of separator, am. (6). Altogether.

Page 9Q.

I.
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Framework is divided/marked off into 11 packets whose thickness arI

sizes/dimensions of the gap tetween the packets (thickness cf

separator) are given in Table 4.

Pnase magnetic bump is decreased 6-8 times. The amplitude

spread/scope of the phase hetercgeneity of the field of betatrcn with

the special to blending does nct exceed 1.5 G, which is completqly

admissible for the betatrcn with the low voltage of injection 30-40

kV. In the operating stereobetatrcn capture of electrons in th-3

acceleration is observed even with the voltage of injecticn 8 kV. The

value of the corrected phase heterogeneity of field comprises with

this 0.3 G. The cutoff/disconnecticn of the system of the correction

of field decreases the irtensity cf radiation/emissicn only by 30o/o.

Thus, for the supplementary correction of the phase of

heterogeneity of the magnetic field with high voltages of inJ4ction

it is not required. However, in the case of special need this

heterogeneity can be lowered even several times with the aid of the

method of sector turns, described alove.

Page 100.

Conclusion,
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Recently in the apFlied sciences and the industrial prcduction

grows/rises the requiresect fcr the powerful/thick scurces of the

icnizing radiation/emissicn, the required pulse current of th,

accelerated elactrons composing several amperes, and avr.ragc/m'an

currpnt - several ten micrcamperes bith the erergy of beam 20-30 keV.

Bfcre the creation of high-current betatrons the electron beams with

such parameters were cbtained only cn the linear accelerators and the

microtrons. High-current tetatrcns, accelerating more than 1012

electrons/cycle, are not infericr tc nicrotrons and to linear

accelerators. The average/mean current of the accelerated eJectrons

is approximately 25 pA, which ccrresFonds to the average/mean pcwer

of beam of approximately 600 W. These numerals are ccmpared with the

appropriate valuss, obtained cn the linear accaleratcrs. Thi

averag./mean current cf linear accelerators ard micrctrons can be

more than the current of high-current betatrons in essence because of

the higher pulse repetition frequency. However, we assume/set by

possible to increase current frequercy, which feeds betatron at lr-ast

by an order, if we utilize contearcrary high-frequency magnetic and

electrical materials, and therefore by an order to raise the

average/mean current of the accelerated electrons.

Already today high-current betatrous successfully compete with

the accelerators of other types not only because of the high

intensity of electron beam, but alsc because cf exceptional
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simplicity of the construction/design of accelerator and simplicity

of its operaticn in ccmFarison with the resonancq acceleratcrs. Tho

general view of the betatron cn 25 MeV and of stereobetatron on 15

IeV is given in Fig. 21.
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Fig. 21. Gpflera1 Viaw cf stereotttrofl On 15 MV (a) and

highi-current betatron on 25 MeV ~)
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At present there is a real possibility to substantially :educs

sizes/limensions and weight of high-current betatron withcut the

damage for the parameters of team, i.e., to make the existirg

betatrons more movable and even by acre effective. Possibly also an

increase in the charge of the accelerated electron beam even several

times. Works in this direction continue. High-current betatrcns

undoubtedly will engage the wcrthy place in the series/row cf the

sources of the ionizing radiaticn/exission.
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